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CHAPTER 1: Introduction & Motivation
1.1 History of Automotive Industry:
According to Obert [1], at the beginning of the 20th century, automobiles were powered
either by steam engines or by electric motor. However, internal combustion engines date back to
17th century powered by gun powder (Abbe Jean de Hautefeuille – 1678 and Chrsitian Huyghens
- 1791). Engines powered by gas turbines (John Barber – 1791) and piston engine (Street – 1794
and Philippe Lebon – 1799) date back to the 18th century. The first practical gas engine was
developed by Jean Joseph Lenoir in the year 1860 where the gas and air are spark ignited in the
intake stroke without compression. As a result, fuel consumption was very high and did not
provide a competitive edge over its counter-part steam engine. Otto in 1876 developed the first
4-stroke engine where the gas and air are compressed before ignition.
Obert [1] also states that the petroleum industry was born with the discovery of oil in
Pennsylvania in 1859. Liquid fuel was in high demand for lamp. Liquid fuel, Otto engine and
pneumatic tires invented by John B. Dunlop in 1888 spawned the automotive industry. In 1911
impetus was given to many firms to enter the automotive industry.
1.2 Development of Alternate Fuels:
Depleting petroleum reserves, trade deficit and security of supply have propelled the
development of alternate fuels. There is also an increased awareness about the impact of burning
fossil fuels on health and environment [2-4]. This enables the researchers to use the existing
petroleum reserves more responsibly by broadening their understanding and improving the
current technologies. According to Norton et. al. [5], Energy Policy Act of 1992 (EPACT) was
enacted to stimulate research and development work of alternate fuel technologies in the US in
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order to reduce dependency on imported petroleum. Increasing fuel prices and increasingly
stringent emission norms mandates the need to run engines with conventional fuels (gasoline or
diesel) with increased power, fuel economy and reduced emissions [6-9].

Figure 1.1: EPA regulations for trucks and buses [10]
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Figure 1.1 shows the emission standards for the trucks and buses from 1984 until 2007.
It can be seen that NOx emissions have been reduced by 53.5 times since 1984 and particulate
emissions have been reduced by 60 times since 1988.
These constraints have led to the development of fuels like S-8, JP-8 and also fuels that
do not depend on the petroleum reserves like GTL (Gas-to-Liquid) fuels [11], BTL (Biomass-toLiquid) fuels like biodiesel [12, 13], methanol/ethanol [14] and F-T (Fischer-Tropsch) fuels [15]
like synthetic JP-8. GTL processes provide an enticing means of producing synthetic fuels [16].
Various studies have shown that fuel composition of GTL fuels are very suitable to existing
diesel engines because of their very low aromatic and sulfur content [11].
JP-8 is mostly kerosene [17, 18] by weight and is a combination of higher order alkanes,
iso-alkanes and aromatics [19, 20]. JP-8 produces less engine-out soot than diesel due to its
higher volatility and lower aromatic content [21]. Hydrogen is considered as a potential clean
fuel for DI diesel engines [22] along with Di-methyl Ether [23, 24].

Biodiesel has been

extensively tested and has been used as a potential substitute for fossil fuels [25-30].
According to an EPA report [31], “With the vast majority of vehicles in the United States
designed to operate on gasoline or diesel fuel, there has been a long and growing interest by the public in
clean alternative fuel conversion systems. These systems allow gasoline or diesel vehicles to operate on
alternative fuels such as natural gas, propane, alcohol, or electricity. Use of alternative fuels opens new
fuel supply choices and can help consumers address concerns about fuel costs, energy security, and
emissions. EPA supports such innovation and encourages the development of clean aftermarket
technologies that enable broader transportation fuel choices. At the same time EPA is responsible for
ensuring that all vehicles and engines sold in the United States, including clean alternative fuel
conversions, meet emission standards.”

These fuels have different physical and chemical properties compared to the conventional
diesel fuel. In order to improve engine efficiency and to recommend cleaner alternative fuels,
we must understand the chemical kinetic processes leading to auto-ignition in both gasoline and
diesel engines [32]. According to Ji et. al. [33], fuel diversification is expected to increase
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especially for bio-fuels and synthetic fuels derived from F-T process. Importantly, unlike the
conventional diesel fuel, there are no standards established for these fuels to regulate or limit the
variation of their properties.
According to Sarathy et.al [34], recently, there is an increased interest in biological
fermentation to produce bio-fuels and effort in improving the bio-fuels with better properties
than conventional bio-ethanol. Butanol has a higher energy density than ethanol and is less polar
enabling easier blending with hydrocarbon fuels like gasoline.
Along with advantages mentioned Veloo et.al. [35] also state that butanol, with higher
resistance to water absorption and lower volatility, can be readily handled with existing
infrastructure as far as storage and transportation stand-points. Given below are advantages and
disadvantages of some alternate fuels. This information is found in fueleconomy.gov website
[36]. These fuels are natural gas, biodiesel, E85 and LPG.
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Table 1.1: Advantages and disadvantages of some alternate fuels [36]
A webpage from Alternate fuels data center (U. S. Department of Energy), shown below
in Fig.1.2, gives the average retail fuel prices for different fuels. It can be seen that the costs of
all fuels are in an increasing trend. In order to compensate for this, the combustion systems must
be more efficient and new combustion strategies must be formulated. In the next section, a brief
discussion of different combustion systems and strategies has been given.
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Figure 1.2: Average retail prices for different in the U.S [37]
1.3 Overview of Different Combustion Systems and Strategies:
Diesel engines provide significant advantages over their counter-part gasoline engines
delivering 10-15% higher efficiency and lower CO and HC emissions, but the limitation is their
higher soot and NOx emissions [38-44]. In order to develop cleaner engines, fuel modifications
and engine device modifications have been done like reducing the sulfur content in diesel and
developing common rail injection systems respectively [45-47]. Enhancement of late-cycle
mixing can reduce soot emissions [48]. Reduction of white smoke (unburned hydrocarbons)
during cold-starting is another major challenge [49-51] along with reduced oil viscosity and
increased blow-by losses [52]. Hydrocarbon emission during start-up (or cold start) is also a
challenge for gasoline engines [53-56]. Gasoline engines are also limited by knock [57, 58]. But
by far gasoline engines are the dominant source of power for passenger cars because of their low
cost and high power density [59]. Though diesel engines are widely used for heavy-duty
applications, they are also being considered for light-duty/medium duty-applications [60-64].
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Shown below are some of the options to meet future fuel consumption and emissions
requirements. It can be seen that the diesel engine is definitely considered to be a promising
alternative [65].

Figure 1.3: Options to meet future emissions and consumption requirements [65]
Dec [66, 67] cites a conceptual diesel flame model, shown in Fig. 1.4, to explain higher
soot and NOx from diesel engines. It can be seen that the fuel and air react in a fuel-rich mixture
forming soot. This rich mixture burns in diffusion flame at high temperature forming NOx.
Techniques like EGR and injection control have reduced these emissions [66, 68, 69]. EGR is
used in different combustion systems to reduce NOx emissions [70-73]. EGR reduces oxygen
concentration and the combustion temperature. Oxygen containing compounds can be added to
diesel fuel to reduce soot emissions [74-76]. But in order to meet future emission regulations, it
not possible to achieve the requirements without fairly expensive after-treatment devices. Hence
other forms of CI combustion systems like HCCI or PCI or RCCI are gaining importance [66,
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77-86]. Ignition in HCCI is initiated based on thermal auto-ignition process at numerous sites
which are at slightly higher temperature or concentration than other sites [87]. Fig. 1.5 shows
different combustion systems zones of operation on temperature-equivalence ratio plane.
Hybrids are also a promising technology as they have low life-cycle energy use and reduced
green house gas emissions [88]. Now-a-days new technologies like cylinder deactivation and
flex fuel engines are commercially available [89, 90].

Figure 1.4: Conceptual flame model of a diesel jet [66]

Figure 1.5: Operating zones of different combustion systems [66]
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According to Siebers et. al. [91], diesel spray auto-ignition is very critical in the operation
of a diesel engine. Ignition delay is one of the important parameters in a diesel engine which
affects the performance, fuel economy, noise and engine-out emissions [92]. A great deal of
research work is being done to reduce NOx and particulate emissions [93, 94]. Strict standards
require simultaneous reduction of soot and NOx [95] led to an increased importance of lowtemperature combustion [96-98]. Soot and NOx can be simultaneously reduced using not only
EGR as mentioned earlier, but also by using small orifices [99]. Multiple injection [100-105]
and injection rate shape control [106] are also considered as potential solutions to reduce
emissions of common rail diesel engines. Split injections can also improve the startability better
than over-fuelling [107]. Variable boost systems are expected to be important components to
meet future emission standards in heavy-duty diesel engines [108]. High temperature oxidation
of paraffin molecules are well-understood, but low and intermediate temperature oxidation is
significantly less developed. Dryer et. al. [109] studied the oxidation of three pure hydrocarbons
with and without chemically enhancing their cetane numbers. They observed differences in their
low, intermediate and high temperature ignition with changes in the fuel cetane number.
After reviewing various alternate fuels and combustion systems, it is clear that it is
extremely important to study the auto-ignition of fuels that have different physical and chemical
properties under different engine operating conditions.
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CHAPTER 2: Background & Literature Review
2.1 Chapter Overview:
This chapter provides a comprehensive review of literature in the area of auto-ignition
processes, effect of boost pressure, intake temperature and fuel composition on auto-ignition
processes. This chapter also gives a brief review of various applications of computer simulation
which has become a very useful tool in understanding in-cylinder processes.
2.2 Auto-ignition processes:
Auto-ignition of air-fuel mixture plays an important role in many practical combustion
systems [110].

Auto-ignition (Ignition delay period) of diesel fuel is very important in

determining the performance and emissions of the engine [111]. Detailed understanding of the
auto-ignition process will aid the development of advanced diesel engines [91]. There are many
factors that influence the auto-ignition of air-fuel mixtures like temperature, density, composition
[112]. According to Pickett et. al [113], “Combustion in Diesel engines is a complex physical
and chemical process dependent upon parameters that control the injection, vaporization,
mixing, and reaction of fuel and air.”. Combustion is nothing but fuel-air mixtures with high
energy content forming products of low energy content and releasing heat through a series of
chain reactions. These chain reactions can be broadly classified into four types. They are as
follows:
-

Primary initiation reactions

-

Secondary initiation reactions

-

Chain propagation reactions

-

Chain branching reactions
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-

Chain termination reactions

Primary initiation reactions are those that occur from thermal decomposition of a parent
molecule (in this case, a fuel molecule) or from a chemical reaction with another specie (in this
case, an oxygen atom). Secondary initiation reactions are those that form radicals from stable
intermediate species. If a reaction increases the number of radicals, it is a chain branching
reaction. If a reaction decreases the number of radicals, then it is a chain termination reaction. If
a reaction forms one radical from another without increasing or decreasing the number of
radicals, it is a chain propagation reaction. Shown below are examples of each type.
NC7H16+O2=C7H15-2+HO2 (Primary initiation)
CH4+O2=CH3+HO2 (Secondary initiation)
H2+OH=H2O+H (Propagation)
H+O2=OH+O (Branching)
OH+HO2=H2O+O2 (Termination)
In general, diesel fuel ignition is rated using Cetane number (or Index). Higher the cetane
number, easier for the fuel to auto-ignite. Similarly, gasoline fuel ignition is rated using octane
number (or Index) which represents resistance to auto-ignition [114, 115]. Siebers [116] tested
different fuels in a constant volume chamber under diesel conditions and concluded that the
cetane number cannot provide an accurate measure of ignition quality of those fuels (that are
different from Reference fuel blends) whose ignition delay depends on temperature and type of
auto-ignition process (single or two-stage).
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Flynn et. al. [117], modeled a constant pressure reaction at 83bar, 900K and equivalence ratio
of 4. These conditions were chosen to be within the range of those used by Dec [118] for laser
diagnostics. The fuels used were iso-octane and n-heptane. The Fig. 2.1 below shows the autoignition processes and the intermediates formed for both fuels are the same, but they differ in
their time scales. The difference is due to the low-temperature oxidation rates of the fuel as their
Octane/Cetane numbers are different. According to Hwang et. al. [119], differences in the
intermediate-temperature heat release affect the ignition quality of the fuel in addition to lowtemperature heat release.

Figure 2.1: Comparison between the auto-ignition processes of n-heptane and iso-octane [117]
(Constant pressure reaction, P=83bar, T=900K, ɸ=4)
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Oxidation mechanisms of hydrocarbons are generally classified into low temperature,
intermediate temperature and high temperature regimes [120]. Westbrook [121], explains the
chemical ignition kinetics in practical combustion systems as follows.
2.2.1 High temperature chain branching [121]:
In the high temperature chain branching (T ≥ 1200K), the most important reaction is
H + O2 = O + OH ----- (1)
The H atoms needed to initiate the branching are generally produced from thermal
decomposition of ethyl, vinyl, iso-propyl, formyl and other radicals. This reaction has quite a
high activation energy which requires high temperatures to proceed.
Wesbrook [121] cites a shock-tube experimental work done by Burcat et. al. for the
stoichiometric ignition of n-alkanes in oxygen-argon atmosphere.

Figure 2.2: Ignition delay of pure paraffins in oxygen-argon atmosphere cited in [121]
(Shock tube, Dotted lines indicate modeling by Westbrook et. al., Shapes like open triangles,
filled circles, filled squares, open squares indicate experimental work by Burcat et. al.)
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Fig. 2.2 above shows that methane has the longest ignition delay and ethane has the
shortest. Other heavier fuels are in between methane and ethane. The reason lies in the fuel’s
propensity to form H atom and CH3 radical. Methane forms CH3 radicals after hydrogen
abstraction. These CH3 radicals combine to form C2H6 which is a termination reaction.
CH3 + CH3 = C2H6 ---- (2)
Ethane forms C2H5 radical after hydrogen abstraction. Ethyl radical decomposes to form
ethylene and an H atom.
C2H5 = C2H4 + H ----- (3)
Hence, methane and ethane represent lower and higher reactivity limit. Other fuels tested are in
the middle because of mixed production of CH3 and H radicals. In practical applications, flame
or detonation inhibiters are designed to remove the H atoms.
H + Br2 = HBr + Br ----- (4)
H + HBr = H2 + Br ----- (5)
Br + Br + M = Br2 +M ----- (6)
The net reaction is H + H = H2 ----- (7)
2.2.2 Intermediate temperature Chain branching [121]:
At temperatures 850 K ≤ T < 1200 K, reaction 1 is very slow to sustain chain branching. Hence,
at this temperature there are other reactions that sustain chain branching. Some of the critical
reactions in the intermediate temperature regime are:
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H + O2 + M = HO2 + M ------------- (8)
RH + HO2 = R + H2O2 ------------ (9)
H2O2 + M = OH + OH + M ------ (10)
M is the third body.

It was shown that in Rapid compression machine, the H2O2 starts

decomposing at about 950-1000K. In some practical systems the H2O2 accumulates at low
temperatures and at high temperature rapidly decomposes releasing OH radical causing ignition.
However the heat release in the low-temperature regime is critical in reaching temperatures
needed for high temperature branching.
2.2.3 Low temperature chain branching [121]:
At low temperatures, after the abstraction of hydrogen from the fuel molecule, oxygen is added
to the alkyl radical (R).
R + O2 + M = RO2 + M ------ (11)
RO2 radicals isomerize to form QOOH radical:
Q refers to CnH2n radical.
RO2 = QOOH ------- (12)
QOOH decomposes to in one of the two paths either forming a HO2 radical or OH radical along
with a stable olefin or cyclic ether.
QOOH = QO + OH ------ (13)
QOOH = Q + HO2 ------- (14)
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There is also a possibility of second O2 addition:
QOOH + O2 = O2QOOH ------ (15)
O2QOOH decomposes to form ketohydroperoxide along with an OH radical. At about 800K
ketohydroperoxide decomposes to form several species along with at least 2 radicals. This
temperature is slightly lower than the H2O2 decomposition temperature. Hence decomposition of
ketohydroperoxide is the final step in the low-temperature chain branching. Stein et. al. [109]
studied the oxidation of surrogate fuels consisting of three pure components along with the effect
of adding different concentrations of 2-Ethyl-hexyl-nitrate (Cetane Improver). Shown in Fig. 2.3
is a schematic of hydrocarbon oxidation which is similar to the one explained by Westbrook
discussed earlier.

Figure 2.3: Schematic of hydrocarbon oxidation [32, 109, 122]
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When the initial reaction temperature is increased, the secondary oxygen addition
competes with the branching of QOOH. Branching of QOOH forms olefin, cyclic ether and one
radical instead of 2 or more thereby reducing the rate of reactions forming NTC regime. At
higher temperatures, the decomposition of the alkyl radical starts to occur forming smaller
radicals like CH3 and H. At high-temperature stage of auto-ignition the branching of H + O2 +
M = HO2 + M becomes H + O2 = OH + O. According to Wang et. al. [123], “During the
transition from low- to intermediate-temperature oxidation, the overall reactivity of the hydrocarbon oxidation decreases as reaction temperature increases”.
Kuwahara et. al. [124] did 0-D simulations in a constant volume chamber for n-heptane
and di-methyl ether and proposed a four stage oxidation processes of a hydrocarbon fuel with
cool flame as shown in Fig. 2.4 below.

Figure 2.4: Different stages of auto-ignition using Heat Release Rate trace [124]
(Di-methyl Ether, Constant Volume condition, T-initial=759K, P-initial=2.027 Mpa, ɸ=0.5)
The O2 addition reactions are dominant during the cool flame regime. The transition from cool
flame to NTC is determined by the competition between O2 addition reactions and OH
subtraction reactions which is accompanied by the formation of aldehydes. Major products of
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cool flame and NTC regime are oxygen containing species like aldehydes and H2O2. The
transition from NTC to thermal ignition preparation stage is controlled by the H2O2 loop
reactions which become active at about 950 K. The reaction loop consists of the four reactions.
H2O2 + M = 2 OH + M – 216 kJ
OH + HCHO = HCO + H2O + 122 kJ
HCO + O2 = HO2 + CO + 139 kJ
2 HO2 = H2O2 + O2 + 168 kJ
The overall reaction is
2 HCHO + O2 = 2 H2O + 2 CO + 473 kJ
This reaction loop continues to recycle H2O2 and release heat. When the temperature
increases to about 1500 K, the transition from thermal ignition preparation stage to thermal
ignition stage occurs. The transition is influenced by the branching chain reactions which lead to
the formation OH radicals.
Yao et. al. [125] developed a reduced mechanism for HCCI conditions from the detailed
LLNL mechanism using 0-D model considering some important reaction paths. The reduced
model they developed had 35 species and 41 elementary reactions. Heptane shows a two-stage
auto-ignition with Low-Temperature reaction (LTR) and High-Temperature-Reaction (HTR).
The first and second O2 additions are the major paths during LTR. Second O2 addition is a main
source of OH radicals during LTR. There are two stages in HTR. The first stage of HTR is
initiated by the decomposition of H2O2 which is the main source of OH radicals. OH radical can
abstract Hydrogen from HCHO to form CHO and water vapor. CHO reacts with O2 to form CO.
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The second stage of HTR involves branching chain reactions which release OH radicals and
oxidation of CO to CO2 by OH radical. Fig. 2.5 below shows the comparison between the
reduced model developed and the detailed model.

(Figure 2.5: Comparison between the cylinder pressure traces of reduced and detailed model
[125]
Dryer et. al. [109] studied the oxidation of surrogate fuels consisting of three pure
components and came up with similar conclusions. From their reaction path analysis, both
Kuwahara et. al. [124] and Yao et. al. [125] also came to similar conclusions as far as the autoignition kinetics of n-heptane is concerned even though they were dealing with different
mechanisms.
2.3 Effect of Intake Temperature and Boost Pressure on auto-ignition processes:
Tanin et. al. [108] did both experimental and simulation work using a single cylinder
Caterpillar engine at different boost pressures in order to study soot formation with respect to
NOx emissions.

Using computer modeling, they found that increasing the boost pressures
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reduces spray penetration, shortens ignition delay period and reduces the overall equivalence
ratio. The model reflected the conditions at 1737 rpm, 285 bhp, intake temperature = 32°C and
baseline boost pressure = 1.84 bar. Shown below is a comparison between the in-cylinder mass
average temperatures under different boost conditions. It can be observed from the Fig. 2.6 that
as the boost pressure is increased, the rise in the temperature due to the commencement of
combustion is advanced. The peak temperature decreases with the increase in the boost pressure
due to the increased specific heat of the charge.

Figure 2.6: Cylinder temperature under different boost pressures [108]
(KIVA-II CFD simulation, Speed=1737 rpm, Equivalent to 285 bhp, intake temperature
= 32°C and baseline boost pressure = 1.84 bar)
Siebers et. al. [91] conducted experiments in a constant volume vessel with laser
diagnostic tools to study the pre-mixed burn behavior of a diesel spray under quiescent
conditions. The temperature was varied from 800-1100K and the ambient gas densities were
varied from 7.27-45 Kg/m3. As the temperature is increased, the average equivalence ratio
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increases and the ignition occur at an equivalence ratio of about 4 at 1100K. As the ambient
density is increased, the air entrainment rate into the fuel increases, increasing the fuel-air
mixture vapor temperatures, speeding up the chemistry and shortening the ignition delay. Fig.
2.7 shows the relative luminosity with respect to the time after start of injection (TASI) for three
different charge conditions. The condition with ambient density of 14.8 kg/m3 and ambient
temperature of 1000K is the baseline. It can be observed from the figure that as the ambient
temperature is reduced to 850 K at a constant ambient density, the two-stage auto-ignition
becomes more significant.

But as the ambient density is increased at a constant ambient

temperature, two-stage auto-ignition vanishes.

2.7: Relative Luminosity under different temperature and density conditions [91]
(Experimental work in an optically accessible constant volume chamber)
The ignition region’s location changes with increased gas density. The equivalence ratio
increases from about 2.5 at a charge density of 7.3 kg/m3 to 4.0 at 45 kg/m3. They concluded that
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at moderate load heavy-duty diesel conditions, a two-stage auto-ignition (NTC) was observed.
Unique to hydrocarbons, NTC (Negative Temperature Coefficient) is a process in which the
temperature increase reduces the overall reaction rate and the corresponding heat release rate
[126]. The transition between the stages is controlled by heat released in the first stage and the
resulting increasing in temperature. As the ambient temperature and the density were reduced,
the stages of ignition became longer.

But as the ambient temperature and gas density is

increased, the duration of ignition stages decreased significantly exhibiting a “seamless”
transition between the stages.
Pfahl et. al. [127] conducted shock tube experiments and investigated the ignition of 70%
n-decane/30% α-methylnaphthalene and di-methyl ether.

At lower temperatures, the self-

ignition process exhibits a two-stage ignition. They also found out that equivalence ratio has a
significant influence on the auto-ignition. The ignition delays decreased at higher equivalence
ratios.

Increasing the mean pressure and equivalence ratio reduced the tendency of NTC

behavior [128]. T. C. Wang et. al. [129] conducted some experiments in an optically-accessible
diesel engine and concluded that increase in the charge pressure and temperature reduces liquid
spray penetration and improves air utilization which could be useful in eliminating wall
impingement and improve air-fuel mixing. Pickett et. al. [130] studied the liquid lengths of
Diesel and JP-8 in a constant volume chamber as shown in Fig. 2.8.
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Figure 2.8: Liquid length for Diesel and JP-8 under different ambient conditions [130]
(Experimental work, Constant volume chamber, Fuel injection temperature=436K, Y-axis is the
ratio of liquid length to the nozzle hole diameter, Nozzle size for Diesel test=0.246mm, Nozzle
size for JP-8 test=0.180mm)
Liquid lengths of both the fuels decrease with increase in the ambient temperature and
also with charge density. Liquid length of JP-8 was shorter than diesel because of its lower
boiling point temperatures. They also observed that JP-8 evaporates more quickly than diesel.

Table 2.1: Experimental test matrix [131]
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Figure 2.9: Pressure history for different cases [131]
Hou et. al. [131] conducted some experiments (as shown in Table 2.1) in a constant
volume chamber at different charge densities under diesel conditions. The fuel used is a Philipps
Research Grade Diesel fuel No. 2. It can be observed from the Fig. 2.9 that combustion occurs
faster at higher ratios of charge density to liquid density and vice versa. They concluded that it is
because of the increase in fuel-air mixing rates with the increase in the ratio of charge density to
fuel density.
According to Pickett et. al. [132], diesel spray experiments under controlled ambient
conditions are needed to provide a fundamental understanding of diesel combustion. Siebers
[133] conducted experiments in an optically accessible constant volume chamber and studied
diesel sprays at different ambient densities. Shown in Fig. 2.10 are the Mie scattering images of
the liquid length of evaporating non-combusting diesel fuel sprays.

The gas and fuel
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temperatures are at 1000K and 438K respectively. Injection pressure is 1350 bar. It can be seen
as the ambient gas density is increased from 7.3 kg/m3 to 30.2 kg/m3, the liquid length decreases.

Figure 2.10: Mie scattering images for non-combustion diesel sprays at different ambient
densities [133]
(Experimental work, constant volume chamber, non-combusting conditions, fuel injection
pressure and temperature is 1350bar and 438K respectively, gas temperature=1000K)
Similar work has been done by Zhu et. al. [134] by studying diesel sprays in a reacting
environment in a constant volume vessel at different ambient densities. Darcy et. al. [2] studied
the oxidation of n-propyl-benzene in a shock tube under different temperature, pressures and
equivalence ratios. They concluded that increasing the shock pressure reduces ignition delay at
all equivalence ratio because increasing pressure increases fuel reactivity.
Pickett et. al. [135] studied the chemiluminescence of a diesel fuel jet in an optically
accessible constant volume chamber. They concluded that ignition delay decreases with increase
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in charge density at a given temperature, decreases with increase in ambient temperature at a
constant charge density and decreases with increase in percentage of oxygen in the charge air as
shown in Fig. 2.11.

Figure 2.11: Ignition delay of diesel under different ambient conditions [135]
(Experimental conditions: 180 μm orifice, 1380 bar pressure drop, D2 fuel at 436 K, Oxygen
concentration=15% & 21%)

Figure 2.12: Ignition delay of different fuels under different conditions [135]
(Experimental conditions: 180 μm orifice, 1380 bar pressure drop, fuel at 373 K, oxygen
concentration=21%)
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Fig. 2.12 compares ignition delay for fuels having different cetane number. Other than
the conclusion obtained from the previous figure, it can also be observed that the effect of cetane
number is significantly reduced with increase in ambient temperature and charge density. At an
ambient density of 30 kg/m3 and an ambient temperature of 1200K, increasing the cetane number
from 46 to 80 made no significant change in the ignition delay. It can be seen from Fig. 2.13
below that during the cool flame period, there was no detectable OH chemiluminescence. But
OH

chemiluminescence

is

detected

chemiluminescence (main combustion).

at

the

commencement

of

high

temperature
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Figure 2.13: Images of chemiluminescence at different stages of auto-ignition [135]
(Experimental conditions: 100 μm orifice, 1380 bar pressure drop, D2 fuel at 436 K. Ambient
temperature, density, and oxygen concentration were 1000 K, 14.8 kg/m3, and 21% respectively)
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Takada et. al. [136] conducted both simulation and engine experiments at different boost
pressures. They concluded that ignition delay decreases with the increase in the boost pressure
because of the enhanced spray evaporation and mixing, in addition to the increased charge
density which increased the spatial density of oxygen.
Darcy et. al. [137] conducted both shock-tube and modeling investigation to develop a
surrogate for large alkyl benzenes. They considered a mixture of 57% n-propyl benzene and
43% n-heptane over a temperature range of 1000K-1700K, equivalence ratios: 0.29, 0.49, 0.98
and 1.95 and reflected shock pressure waves at 1atm, 10atm and 30atm. The mechanism
developed for the model considering cross-reaction between n-propylbenzene radicals and nheptane radical resulted in about 900 species and 4160 reactions. They found out that increase in
the reflected shock pressure reduced the ignition delay at all equivalence ratios. Fuel-rich
mixtures were most reactive at lower temperatures. At high temperatures, all equivalence ratios
showed similar reactivity as can be observed clearly from the Fig. 2.14. The lines are model
predictions and points are experimental results. Different colors represent different equivalence
ratios. Black = 0.29, Red = 0.49, Blue = 0.98, Pink = 1.95. There is a good agreement between
the experimental and model predictions.

31

Figure 2.14: Effect of temperature and equivalence ratio on ignition delay at two different
pressures. [137]
(Shock-tube experiment, mixture of 57% n-propyl benzene and 43% n-heptane, lines are
model predictions and points are experimental results, different colors represent different
equivalence ratios. Black = 0.29, Red = 0.49, Blue = 0. 98, Pink = 1.95)
Takada et. al. [136] conducted CFD Simulation work using STAR-CD and they modified
the Arrhenius parameters for some reactions in the ERC mechanism to fit their analysis better.
They simulated the effect of intake temperature, pressure and EGR on the various parameters of
rate of heat release traces and emissions. One of their major conclusions was the spatial density
of oxygen plays an important role in determining the timing of main ignition. They observed
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some specific characteristics of the rate of heat release trace. Fig. 2.15 shows those parameters
and the Table 2.2 shows the baseline conditions.

Figure 2.15: Characteristic values of a typical heat release rate diagram [136]

Table 2.2: Baseline conditions [136]
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Figure 2.16: Effect of intake temperature on RHR parameters [136]
Based on Fig. 2.16, some observations were made in the paper. The cool flame is
not affected much by the intake gas temperature. Hot-flame ignition has been advanced and the
combustion duration has been reduced with increase in the intake gas temperature.
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Figure 2.17: Effect of intake pressure on RHR parameters [136]
From Fig. 2.17, it can be observed that the cool flame timing was not significantly
affected by the intake pressure, but the hot flame timing has been advanced with the increase in
the intake pressure. The location of the peak RHR has been advanced. Combustion duration is
more sensitive to decrease in the intake pressure than the increase with respect to the baseline.
Similar trends were observed on the effect of intake pressure. Fig. 2.18 and Fig. 2.19 show the
pressure and RHR traces for different intake temperatures and intake pressures.
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Figure 2.18: Cylinder pressure and RHR traces for at different intake temperatures [136]

Figure 2.19: Cylinder pressure and RHR traces for at different intake pressures [136]
2.4 Effect of fuel composition on auto-ignition process:
Practical transportation fuels like, diesel, gasoline and natural gas contain large number
of distinct hydrocarbon species [138, 139]. These species can be classified into structural classes
in order to understand their combustion properties and to develop surrogate mixtures for these
complex practical fuels. Dryer et. al. [140] studied the composition of commercial gasoline in
the US. He found out that the majority of the fuel contains paraffins (both n- and iso-). Fig. 2.20
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below shows the approximate content of different components in the commercial gasoline. The
paraffins found in gasoline are mostly iso-paraffins. More iso-paraffins are selectively added to
increase the octane rating of the fuel. n- and iso- butanes are added to gasoline because of
favorable octane rating and higher volatility which favors cold start [141]. According to [142],
gasoline consists of 6-8% by volume of butane and it is the second largest component after isopentane. Butane is used to control the volatility of gasoline.

Figure 2.20: Approximate composition of commercial gasoline [140]
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Figure 2.21: Different molecular classes found in commercial gasoline [140]
All molecular classes except oxygenates are present naturally in crude oil. Lately ethanol
has been increasingly used as a blend component in gasoline. The ignition delay of a two-stage
auto-ignition greatly depends on the heat (energy) release during the first stage of auto-ignition
which depends mainly on the equivalence ratio and the octane number of the fuel [140].
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Figure 2.22: Mole fraction of CO for different fuels [109]
Dryer et. al. [109] studied the oxidation of surrogate fuels consisting of three pure
components along with the effect of adding different concentrations of 2-Ethyl-hexyl-nitrate
(Cetane Improver).

They found out that for natural (non-cetane-boosted) fuels the low-

temperature and the intermediate temperature chemical conversion rate increases with the
increase in the cetane number of the fuel. The low-temperature branching and the intermediate
temperature branching kinetics are exothermic and they “auto-thermal accelerate” the chemical
conversion process. Fig. 2.22 above shows the CO evolution for fuels with different Octane
numbers.

The kinetics of cetane-boosted fuels and the natural fuels are similar at low-

temperatures. But the high-temperature kinetics of the cetane-boosted fuels is very different
from the natural fuels. At high temperature there is a rapid conversion of HO2 radical to OH
radical catalyzed by NO from the cetane improver decomposition.
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Magnus et. al. [143] conducted HCCI investigation computationally and experimentally.
They found out that the peak combustion temperature is independent of the fuel type or the autoignition characteristics because the final CO oxidation process is independent of the fuel
molecule. During the final burn-out stages, almost all of the CO2 is formed by the oxidation of
CO by OH radicals.

Figure 2.23: Major classes of hydrocarbons found in commercial diesel fuel [144]
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Table 2.3: Properties of a typical North-American diesel fuel [144]
J. T. Farrel et. al. [144] discuss the relevance and challenges of CFD simulation to the
development of advanced diesel engines. Also they discuss the considerations to be made while
designing a surrogate fuel to meet the complexity of commercial diesel. Fig. 2.23 shows the
major classes of hydrocarbons present in the commercial diesel fuel. From table 2.3, it can be
seen that the paraffins constitute a significant portion (about 25-50%) of the fuel. Fig. 2.24
shows the variation in the composition of three different commercially available diesel fuels. A
surrogate fuel must also be able to address this issue.
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Figure 2.24: Hydrocarbon analysis of three commercial diesel fuels [144]
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Figure 2.25: Cetane number & boiling point vs carbon number for n-paraffins, raw data from
[145]
In Fig 2.25, cetane number and boiling point are plotted against the carbon number for nparaffins. The raw data values for this chart is obtained from a book [145]. It is clear that as the
carbon number is increased, both the boiling point and cetane number increases. This is because
as the carbon number of a molecule increases, molecule becomes heavier and bulkier. Hence, it
becomes relatively easier to break down a heavier n-paraffin molecule either thermally or
chemically.
Fig. 2.26 shows boiling point plotted against carbon number for branched paraffin
molecules (or iso-paraffins). The raw data values for this chart is also obtained from [145]. The
boiling point affects liquid penetration, fuel vaporization and combustion [146]. As the carbon
number is increased, boiling point increases similar to the data shown for n-paraffins. Unlike nparaffins, the cetane number of iso-paraffins doesn’t depend on just the carbon number of the
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molecule alone, but also on the branching pattern. The branching pattern can also be quantified
using chain length which refers to number of carbon atoms present in the longest chain of the
molecule. Shorter the chain length, stronger the branching is for a given carbon number.

Figure 2.26: Boiling point vs carbon number for branched paraffins, raw data from [145]
Hence the cetane number of a branched paraffin molecule depends on both the carbon
number and the chain length of the molecule. This is represented in a 3D scatter plot as shown in
Fig. 2.27. The raw data values for this figure are also obtained from [145]. The projection on
the Cetane number-Chain length plane (blue dots) indicates that the overall trend is cetane
number increases with chain length. Likewise, the projection on the Cetane number-Carbon
number plane (green dots) indicates that the cetane number increases with the carbon number.
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(Figure 2.27: Cetane number vs Carbon number vs Chain length, raw values from [145])

Table 2.4: Relationship between hydrocarbon classes and fuel properties [147]
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Table 2.4 shows the relationship between different classes of hydrocarbons and fuel
properties. It can be seen that n-alkanes tend to increase the cetane number the most followed by
iso-alkanes and naphthenes. Aromatics tend to reduce the cetane number of the fuel.
According to Canaan et. al. [148], fuel properties which characterize fuel volatility such
as the boiling point, affect the liquid-phase penetration in a D. I. diesel engine which in turn will
affect its performance and emissions. Kweon et. al. [149] conducted some tests in a diesel
engine with fuels of different properties and concluded that the effect of cetane number on the
ignition delay decreases at higher engine loads because of higher temperatures. Fuel distribution
significantly affects combustion in an internal combustion engine. In case of multi-component
fuels, different volatility classes can cause an inhomogeneous distribution of the fuel within the
combustion chamber [150].
Montajir et. al. [151] studied three different fuels in a constant volume combustion
chamber. They concluded that the evaporation rate of the pure n-paraffin fuel increases and the
ignition delay becomes longer with the decrease in the carbon chain length. Fig. 2.28 shows the
Schlieren images of the single component fuels. The white region represents the vapor. It can
be seen at any given time after SOI, the pentane has produced more vapor than heptane. It can
also be observed from Fig. 2.29 that the penetration increases with the increase in the carbon
chain length due to the lower volatility of the long chain fuel.
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Figure 2.28: Schlieren images of pure paraffins [151]
(Experimental work, optically accessible constant volume combustion chamber, P=1.3 MPa,
T=523 K, Injection pressure=400bar, Nozzle size=0.180mm)

Figure 2.29: Spray tip penetration of pure paraffins [151]
(Experimental work, optically accessible constant volume combustion chamber, P=1.3 MPa,
T=523 K, Injection pressure=400bar, Nozzle size=0.180mm)
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Shown in Fig. 2.30 is the ignition delay of pure and mixed fuels at 723 K ambient
temperature and 22.68 Kg/m3 ambient density with respect to equivalent carbon number. It can
be observed that the ignition delay for mixed fuels is longer than pure fuels for carbon number
higher than 9 and vice versa. They speculated that the relative dominancy of physical and
chemical effects varies with the relative fraction of each component in the mixture.

Figure 2.30: Ignition delay for pure and mixed paraffins [151]
Shibata et. al. [152] used 11 pure hydrocarbon fuels blended together to form 12 model
fuels which were tested in an engine to study the rate of heat release and engine performance.
They also used the same schematic to explain primary oxidation stages of hydrocarbon fuel.
They found out that tendency to advance high-temperature heat release (HTHR) is maximum for
n-paraffins and the least for naphthenes and aromatics as shown below.
n-paraffins > iso-paraffins > olefins > naphthenes = aromatics [152]
Low-temperature heat release (LTHR) reactions are very active for n-paraffins at low
temperatures. The auto-ignition characteristics of iso-paraffins are similar to that of n-paraffins
but exhibit a moderate low-temperature heat release.
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Table 2.5: Bond energies of C-H bonds for various hydrocarbons [152]
Some aromatics and olefins tend to inhibit LTHR. They call it the “LTHR Inhibitor
Effect”. It can be seen from the Table 2.5 that the C-H bond energy for the methyl is relatively
small (372 KJ/mol) for toluene and m-xylene. As a result, the dehydrogenation occurs easily.
But the carbon atoms in a benzyl radical are bonded together by stable π-bonds (as shown in Fig.
2.31) making the benzyl radical very stable preventing the decomposition and in turn inhibiting
the LTHR. Benzene has a very strong C-H bond dissociation energy (464 KJ/mol) resulting in a
very low-reactivity during LTHR period and inhibits LTHR. Some olefins also behave in a
similar fashion in inhibiting LTHR where the abstracted hydrogen reacts with OH radicals
forming water vapor and reducing LTHR reactivity. Pitz et. al. [140] also observed NTC
behavior with n-butane and n-heptane where as no NTC for toluene under certain HCCI
operating conditions.

But under different conditions, the same fuels did not exhibit NTC

behavior. NTC behavior depends not only on the fuel properties but also on the running
conditions like engine speed, equivalence ratio, intake temperature and charged dilution strategy
(cooled or un-cooled EGR).
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Figure 2.31: π-bonds in toluene and m-xylene radicals [152]
Shown in Fig. 2.32 is the combustion of three isomers of pentane. This work is done by
Ribaucour cited in [121]. As we can see, the n-pentane ignites earlier than the other two isomers.
Iso-pentane has the longest ignition delay. All three fuels reach main ignition at about 950 K,
but difference is in their times to reach that critical temperature. This figure shows how the
structure of the fuel component affects the auto-ignition. This figure also shows the significance
of the rise in temperature during the low-temperature heat release on advancing the main
ignition.

Figure 2.32: Temperature traces for various isomers of pentane, cited in [121]
2.5 Simulation (Applications of CFD codes and kinetic mechanisms):
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In order to improve the understanding of the auto-ignition and combustion processes in
internal combustion engines and also to reduce experimental engine optimization costs, multidimensional/CFD simulation has become a powerful tool [153-156]. Development of advanced
diesel and low-temperature combustion engines are dependent on chemical kinetic ignition
models [157]. Engine simulation is used and expected to predict the ignition phenomena, heat
release and pollutant formation [158]. With ever increasing computational capability, now-adays, it is possible to merge CFD calculations with quite detailed chemistry. Detailed kinetic
models and reaction mechanisms have been a valuable tool for various practical engine studies
[159]. According to [125], chemical mechanisms can be classified into 4 general divisions.
They are:
-

Single-step mechanisms

-

Generalized mechanisms (Shell model)

-

Detailed mechanisms

-

Reduced mechanisms

Single-step mechanisms are very simple and direct way to describe the oxidation of a
hydrocarbon fuel. A single-step mechanism consists of one global reaction which explains the
disappearance of the fuel which is the result of many elementary reactions.

Generalized

mechanisms categorize similar chemical species based on their generic classes. “Shell model” is
a type of generalized mechanism when initially developed had eight reactions. It was modified
later by different research groups and more reactions were added.

51

Both single-step mechanisms and generalized mechanisms are applicable to predict ignition
timing. But in order to understand the energy release process during auto-ignition, combustion
and emission formation, detailed mechanisms or appropriately reduced mechanisms must be
used. Detailed mechanisms are excellent in tracking critical reaction pathways. This involves
tracking hundreds of species participating in thousands of reactions in each cell at each time step.
Coupling a detailed mechanism with CFD calculations is impractical with today’s available
computational resources. Hence an appropriately reduced mechanism (with less number of
species and reactions) retaining essential features of chemistry coupled with CFD simulations
would yield the best results in a reasonable amount of computational time and cost.
Different research groups have used different mechanisms to simulate diesel engine
conditions. The mechanisms for n-heptane and iso-octane are the most mature and extensively
validated mechanisms.

n-heptane is representative of diesel-like fuels and iso-octane is

representative of gasoline-like fuels [160]. Fraioli et. al. [153] used a modified parallel version
of KIVA3V CFD code coupled with a reduced n-heptane mechanism (containing 44 species and
185 reactions) to study the capability of the mechanism to predict both LTC and conventional
combustion mode. Under conventional combustion mode, the code could predict ignition delay
and pressure evolution fairly well in a very short computational time. However, in more premixed conditions the model is predicting a single-stage ignition instead of two-stage. Further
investigation is needed as far as LTC combustion mode is concerned. Karrholm et. al. [161]
used a reduced n-heptane mechanism (containing 83 species and 338 reactions) coupled with
KIVA and OpenFOAM CFD codes to study the spray ignition and flame lift-off characteristics
of diesel sprays in a constant volume chamber. They concluded that reduction in oxygen
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concentration and ambient gas temperature increased the ignition delay time and flame lift-off
length.
Senecal et. al. [162] simulated constant volume chamber and HCCI engine conditions using
KIVA CFD code with detailed chemistry solver which enables solving chemistry in parallel
using multiple processors. A reduced n-heptane mechanism was used (containing 42 species and
168 reversible reactions) which could capture low-temperature chemistry and two-stage ignition
phenomena. The mechanisms developed so far are validated using shock-tube experiments,
constant volume chambers, rapid compression machines or HCCI conditions. All the models
must consist of some basic components. Kenneth Kuo [163] provides a general description of
the essential components needed for combustion modeling as shown in Fig. 2.33. It can be
observed that the governing equations are connected to all other components. In some complex
cases, some components could be connected with each other directly.

Figure 2.33: Components of a theoretical model [163]
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A reduced n-heptane mechanism (containing 33 species and 61 reactions) has been used
in this study which was originally developed by Engine Research Center (ERC) of University of
Wisconsin with 29 species and 52 reactions [164]. Nine NOx reactions were added later. In
1998, Curran et. al. from Lawrence Livermore National Laboratory developed a detailed nheptane mechanism containing 570 Species and 2520 reactions [164]. In 2000, Pitz derived a
reduced yet detailed mechanism from the above mentioned LLNL mechanism. Pitz (2000)
mechanism had 179 species and 1642 reactions [164]. In 2000, Golovitchev developed a skeletal
mechanism containing 40 species and 165 reactions [164].

According to [164], the ERC

mechanism was reduced from a skeletal mechanism developed by Golovitchev (2000) which
retains the main features of the detailed mechanism and has the ability to simulate complex autoignition characteristics of n-heptane.

It has been represented as flow chart for better

understanding in Fig. 2.34.

Figure 2.34: Development of ERC mechanism based on the text from [164]
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Developing a surrogate fuel for diesel is still a goal with a need to include aromatic
components in the mechanisms. Diesel fuels contain a lot of components. It is not possible
develop a mechanism for each component. It is important to develop surrogates with lesser
number of components to represent diesel fuel [137]. Dryer et. al. [144] suggested targets to
develop surrogates for diesel. They are as follows:
-

Property targets (chemical and physical properties)

-

Development targets (kinetic and fluid dynamic processes)

-

Application targets (engine experiments)

According to [165], iso-cetane (C16H34, 2, 2, 4, 4, 6, 8, 8 – heptamethylnonane) being a
reference compound for cetane rating is an important surrogate component for diesel and jet
fuels. Weber et. al. [166] conducted engine experiments and showed that a mixture of n-decane
and α-methylnaphthalene can be a good surrogate fuel for diesel. According to [33], synthetic
fuels and bio-fuels share similar chemical composition dominated by n- and iso- alkanes. Hence
n- and iso- alkanes are considered to be important surrogate components for these fuels.
Herbinet et. al. [167] developed a mechanism for biodiesel using methyl decanoate using the
rules previously established by Curran (and co-workers) for modeling n-heptane. The model was
validated using rapeseed methyl ester in a Jet-stirred reactor. Later in 2010, Herbinet et. al. [168]
developed kinectic mechanisms for methyl-5-decanoate and methyl-9-decanoate. These are
derived from the methyl decanoate mechanism developed in 2008. All three models were
combined to form a surrogate blend mechanism for biodiesel which seems to be good
representative of biodiesel. This mechanism was also validated using rapeseed methyl ester in
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Jet-stirred reactor. According to [153], the existing mechanisms for aromatics and toluene show
a lot of discrepancies and are not extensively validated.
2.6 Summary of literature review:
2.6.1 Important findings in the literature:


N-heptane mechanisms have been used widely and validated extensively under
diesel engine operating conditions



OH radical is a major radical in sustaining chain branching processes leading to
auto-ignition



Ignition delay is reduced with the increase in charge temperature, charge density
and oxygen concentration



Fuels with higher carbon chain length have lower rates of evaporation and higher
cetane numbers



The low temperature and intermediate temperature regimes are prominent with
different degrees in the auto-ignition of paraffinic fuels. They are more
prominent in the auto-ignition of heavier paraffins



Cetane improvers do not affect the low and intermediate temperature regimes,
however they accelerate the high temperature regimes

2.6.2 Areas that need further investigation:


Identification of the point between the physical delay (IDph) and the chemical
delay (IDch)
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Detailed analysis of the physical processes and chemical reactions during the
ignition delay in the engine environment



Identification of the chemical reactions that contribute to the LT and NTC
regimes



Determination of the effect of charge temperature and pressure on the autoignition process, particularly the LT and NTC regimes

 Correlation between ID, IDph & IDch and fuel properties and charge conditions
2.6.3 Approach:
The approach is experimental work supported by computer simulations and detailed analysis of
the auto-ignition physical and chemical processes:
-

Conduct engine experiments on the PNGV engine with different fuels under different
boost pressures and temperatures

-

Use 3D-CFD codes to simulate the trends obtained in the experimental work

-

Use HCCI/0-D simulation to study the species and the reactions involved during autoignition process

-

Simulate the physical processes in a fuel spray injected in nitrogen atmosphere and
compare the results with data obtained for the spray injected in air where auto-ignition
and combustion take place

-

Investigate the effect of boost pressure and temperature on the physical and chemical
auto-ignition processes utilizing the simulated results
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CHAPTER 3: Experimental Set-up
Brief description of the experimental set-up can be found in [169]. The photograph of the
experimental set-up is shown in Fig. 3.1.

Figure 3.1: Photograph of the experimental set-up
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3.1 Engine:
The engine used for the experimental investigation is a 4-valve, 4-stroke single cylinder HighSpeed-Direct-Injection diesel engine equipped with common rail fuel injection system. The
common rail has a capacity to withstand up to 1350 bar. The fuel flow rate is measured using
Max Fuel flow meter. The geometric compression ratio of the engine is 20:1. Bore X Stroke is
79. 5 mm X 85 mm. The engine has swirl-control valves in the intake ports. The intake air
supply to the engine and the exhaust gases from the engine are conveyed through surge tanks
(plenums). Engine specifications are summarized in Table 3.1.
ENGINE SPECIFICATIONS

Engine Type

0. 42 liter direct injection

Bore x Stroke

79. 5 mm x 85 mm

Compression Ratio

20:1

Number of valves

4

Combustion Chamber

Re-entrant

Fuel Injection system

Common Rail

Injection Pressure

up to 1350 bar
Table 3.1: Engine Specifications
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Line diagram of the experimental set-up is shown in Fig. 3.2.

Figure 3.2: Line diagram of the experimental set-up [170]
3.2 Dynamometer:
The load on the engine is applied using a GE DC dynamometer. The dynamometer
specifications are mentioned below.
Model: 26 G 263
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DC electric dynamometer
Voltage and Amperage: 250V, 410A
Type: TLC-2464H
Form: FN
3.3 Temperature and Pressure Measurement/Control:
The shop air supplied to the engine has low humidity. The intake air and exhaust gas
temperatures are monitored using Omega K-type thermocouples.

The intake and exhaust

pressures are monitored using Omega Pressure transducers. The exhaust pressure transducer is
cooled using a water heat exchanger. The temperature of the intake air is controlled using a
circulation heater and the boost pressure is controlled using a valve on the line connecting the
supply tank and the intake ports. The back pressure is controlled using a ball valve connected
downstream of the exhaust pipe.
3.4 Fuel injector:
Injector used is a Bosch CR1 (First Generation) common rail injector equipped with a 6hole 320 cc minisac nozzle. The flow rating is based on the volume of fuel injected by the
injector in 30 seconds at an injection pressure of 100 bars. A schematic of the injector is given in
Fig. 3.3. The specifications of the nozzle are given in Table 3.2.
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Figure 3.3: Schematic of Bosch CR1 Common Rail Injector [171]
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Table 3.2: 320 Minisac nozzle specifications [172]
3.5 Cooling Water Circuit:
The cooling water circuit of the engine is run independently and is not run by the engine.
Distilled water is used to cool the engine. The distilled water is heated using a steam heat
exchanger and cooled using water heat exchanger.

For all the experiments, the water

temperature was maintained at 180 F (82.2°C). The line diagram of the water circuit is shown in
Fig. 3.4.
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Figure 3.4: Line diagram of the water circuit
3.6 Lubricating Oil Circuit:
Like water circuit, oil circuit is also run independently. Oil used is of 10W-40 grade.
The oil is cooled using a water heat exchanger (city water). Before oil reaches the engine,
filtration is done using Parker oil filter (Part # 921999 10C). The inlet to the engine splits into
two parts. One part becomes the piston jet which cools the bottom of the piston. The other part
lubricates the cams. The line diagram of the oil circuit is shown in Fig. 3.5.
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Figure 3.5: Line diagram of the oil circuit
3.7 Fuel Circuit:
The fuel is stored in an aluminum tank pressurized to 20 psi using nitrogen gas. The
nitrogen gas is used to eliminate the fuel-air oxidation. In addition, pressurized nitrogen delivers
fuels to the metering system. The fuel passes through a Wix fuel filter (Model # 24104) (firststage filtration). Once the filtration is done, the fuel passes through the Max fuel metering
system which has four stages. The fuel passes through (1) a vapor eliminator (first stage), (2) the
fuel metering component, (3) another vapor eliminator (second stage) and (4) a level indicator.
The fuel then enters the low-pressure pump (12V DC) which pressurizes the fuel to 2 bars. The
outlet of the low-pressure pump is connected to the high pressure pump through a pressure
regulator and a Max micro-filter (Part # 381-102-705) (second-stage filtration). The high-
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pressure pump is a rotary, Bosch first generation (CP1), common rail pump. The fuel from the
high pressure pump goes to the common rail through a high-pressure fuel line. The outlet of the
common rail is connected to the inlet of the injector using another high-pressure fuel line. A
Kistler pressure fuel-line transducer is clamped on the fuel line upstream of the injector. The
leak-off line from the injector is connected to the return line which also collects excess fuel from
different sections of the fuel system and delivers it back to the second-stage bubble eliminator.
The line diagram of the fuel circuit is shown in Fig. 3.6.

Figure 3.6: Line diagram of the fuel circuit
3.8 Engine Control Module/Unit
The engine is controlled using an open ECU. The ECU is custom-made by ElectroMechanical-Associates (EMA) Inc. The software used “EMAECM” is also provided by the
company. The ECM is used to set the desired rail pressure (injection pressure), injection mode
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(single or double), injection timing and duration. The encoder used is made by BEI Industrial
Encoders Inc. (Model Number: XH25D-SS-3600-ABZC-28V/V-SM18) with 3600 pulses/rev
resolution. The inputs to the ECM are encoder pulses and TDC signals. The outputs of the ECM
are the signals to control the solenoids on the injector and the high-pressure pump.
3.9 Data Acquisition System:
Data is recorded using Hi-Techniques Data Acquisition System. It uses Windows 98
operating system. The software used is called “Win 600”. The inputs to the data acquisition
system are encoder signals, in-cylinder pressure transducer signal, the signal from the pressure
transducer mounted on the high-pressure fuel line and intake air temperature and pressure. The
outputs are in-cylinder pressure, rate of heat release and mass average temperature. In-cylinder
pressure is directly measured using the “Kistler” differential in-cylinder pressure transducer.
The temperature and the rate of heat release are calculated from the measured pressure trace as
shown below.
The temperature is assumed to be uniform within the combustion chamber and the
calculation is valid only between the intake valve closing and the exhaust valve opening. The
temperature is calculated using the ideal gas equation.
( )
( )

( )
( )

(
(

)

(

)

)
(

)

( )

Rearranging X we get,

( )

( )
(
)

( )
(
)

Molar ratio n(mix)/n(θ) is assumed to be unity.

(

)

( )
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P, V, T, n is pressure, volume, temperature and number of moles respectively;

is universal gas

constant; θ is given crank angle degree & mix is the intake mixture conditions.
Rate of Heat release is calculated as follows as given in the Win 600 data acquisition system user
manual:

( )
Where Q is heat release; n is polytropic constant; θ is given crank angle degree; P is pressure and
V is volume.
3.10 Experimental Test Matrix:
The test matrix can be found in appendix [A].
3.11 Fuel Properties:
The fuel properties can be found in appendix [B].
3. 12 Computer simulations:
3.12.1 3-D Calculations [173, 174]:
An interactive Computation Fluid Dynamics (CFD) simulation software package STARCD coupled with chemical kinetics mechanisms is applied to simulate the cycle under the
experimental engine operating conditions. ES-ICE is the meshing software used to create the
sector mesh of the combustion chamber. Pro-STAR software is used to set other parameters like
atomization, combustion model, injection parameters, time-step resolutions etc. Unlike other
CFD software, this software has the capability to add/remove cells based on piston motion
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instead of compressing and expanding all the cells in the mesh. This is governed by mass,
energy and species conservation laws. This helps reduce computational resources and time to
some degree.
The simulation covered engine operation under the following conditions: 3bar IMEP,
1500 rpm, 1.1 bar intake pressure, SOI: 2.2 CAD bTDC, EGR=0%, swirl ratio = 3.77. The
intake pressure was varied from 1.1 bar to 1.5 bar in steps of 0. 1 bar. The intake temperature
was varied from 80°C to 190°C.

The model assumes a Lagrangian approach to define

spray/droplet behavior [175]. The software considers droplet trajectories, droplet break-up,
collision and coalescence, wall interaction, wall heat transfer and droplet evaporation. The
sector is defined by a cylindrical co-ordinate system. The sector mesh has 560,000 cells (70 x 50
x 160). Combustion mechanism currently being used in this software is for n-heptane and has 33
species and 122 reactions developed by Dr. Reitz’s group from UW [164]. The inputs used in
the model are fuel properties, speed, swirl ratio, initial pressure and temperature, boundary
conditions (wall, dome and piston crown) and time-step resolutions. The outputs are cylinder
gas temperature, pressure, density, species concentration, rate of heat release.
3.12.2 0-D Calculations:
A 0-D model is developed using CHEM-KIN which assumes a single-cell homogenous
(air-fuel vapor) charge. Running conditions are similar to those of experimental tests and the
mechanism used is the same as the one used for 3-D calculations. In addition to varying the
intake temperature and pressure, the equivalence ratio was also varied from 0.4 to 4. The
findings obtained from 0-D calculation are applied to explain the results obtained from 3-D
calculations. The findings from 3-D calculations are applied to explain the experimental results.
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3.12.3 Heptane oxidation mechanism:
The reactions used in this mechanism along with their Arrhenius coefficients can be found in
appendix [C].
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CHAPTER 4: Results & Discussion (CHEMKIN Simulation)
4.1 Chapter Overview:
This chapter discusses the simulation results obtained using CHEMKIN in order to
identify important species and reactions during various stages of auto-ignition. This chapter also
explores the effect of intake temperature, intake pressure and equivalence ratio on auto-ignition.
Running conditions: Homogenous charge, Speed = 1500 rpm, no heat losses or blow-by losses
considered, EGR = 0%, Start of calculations = 1 CAD bTDC, Boost pressure = 1.1 bar & 1.5 bar,
Intake temperature = 80°C & 110°C, Equivalence ratio (ɸ) = 0.4, 0.8, 1, 1.2, 1.6, 2.0, 3.0, 4.0.
4.2 Analysis of the results: (ɸ = 1, boost pressure = 1.1 bar, intake temperature = 110°C)
In order to understand the auto-ignition chemistry used in this mechanism, the above
mentioned case is analyzed and discussed in detail. Shown below in Fig. 4.1 are the temperature,
rate of heat release and the mole fractions of the species.
At -0.8 CAD, all the intermediate species like the heptyl radical (C7H15-2), the
ketohydroperoxide specie (C7ket12) start increasing during the commencement of cool flame
heat release, reach their peak at -0.3 CAD. These are the main source of chain branching at low
temperatures [176]. It can also be seen that other radicals like O, H, OH and HO2 also follow the
same trend. Species like HCHO and H2O2 start increasing during the cool flame. Similar trends
are observed in CO and water vapor. Formation of water vapor is accompanied by an increase in
temperature. After -0.3 CAD, all radicals and intermediate species start decreasing rapidly
indicating the commencement of the NTC regime while HCHO and H2O2 continue to increase.
The temperature rise starts to slow down.
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Figure 4.1: RHR, Temperature and mole fractions of different species vs CAD
At -0.1 CAD, the intermediate temperature branching regime begins. The temperature
continues to rise at a slower rate. It can be seen that HCHO starts to decompose and H2O2 starts
to increase at a slower rate. All the radicals continue to increase at a slower rate. At 1.0 CAD
and about 1100K, H2O2 starts to decompose indicating the end of intermediate temperature
regime and the commencement of the high temperature branching regime. The mole fraction of
H2O2 rapidly decreases at 1.2 CAD while HCHO starts to form a second peak. At 1.3 CAD,
HCHO rapidly decomposes. Species like H, OH start increasing sharply as their formation
accelerates the high-temperature branching. There is a sharp increase in carbon-di-oxide and
water vapor. Shortly after 1.3 CAD, the mole fraction of fuel becomes zero indicating the
completion of combustion process.
Now that the behavior of all the species during different stages ignition has been studied,
it is equally important to understand the reactions that are forming and decomposing some of the
critical species like formaldehyde, hydrogen peroxide, carbon monoxide and carbon-di-oxide.
The reactions forming these species are discussed below. The figures on the left side of the page
are zoomed in to show the rates of the reactions during cool flame and NTC. The figures on the
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right side of the page show the overall rates of the reactions. The reaction numbers prefixed with
“R” are as per the order of the reactions in the mechanism.
As discussed earlier in Chapter 2, during the intermediate temperature branching stage,
oxygen molecule and hydrogen atom react to form HO2 radical based on R30:
H+O2+M1=HO2+M1. At higher temperatures, backward reaction rate of R27: O+OH=O2+H
catches up with rate of R30: H+O2+M1=HO2+M1 where the same two species react in a
different way producing different radicals [121] as shown in Fig 4.2. It is because of the
difference

in

their

activation

energies

which

affect

their

rate

constants.

R30:

H+O2+M1=HO2+M1 has a ‘zero’ activation energy (0 KJ/mol) and hence it is very active at
lower temperature. Backward reaction of R27: O+OH=O2+H has activation energy of 71.8
KJ/mol as calculated by STAR-CD. Hence it is less active at lower temperatures and more
sensitive to increase in temperatures.
Fig. 4.3 shows the reaction rates for the formation of different species. For the formation
of hydrogen peroxide in both LT and HT regimes, the dominant reactions are:
R33: 2HO2=H2O2+O2
R35: CH2O+HO2=HCO+H2O2
There is also a small contribution from R3: NC7H16+HO2=C7H15-2+H2O2. It can be
observed that reaction rates reach their first peak at the end of the cool flame regime and the rates
drop sharply during NTC. It can be observed that R33: 2HO2=H2O2+O2 is a termination reaction
forming hydrogen peroxide and oxygen.
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Figure: 4.2: Rate constant and reaction rates for R27: O+OH=O2+H and R30:
H+O2+M1=HO2+M1
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Figure 4.3: Reactions forming CO2, CO, HCHO, H2O2, OH during both LT and HT regimes
The

thermal

decomposition

of

hydrogen

peroxide

is

controlled

by

R31:

H2O2+M1=2OH+M1 [124] both in LT and HT regimes where hydrogen peroxide decomposes to
form OH radicals. R31: H2O2+M1=2OH+M1 is an endothermic reaction as discussed earlier.
Formation of formaldehyde during the cool flame regime is controlled by
R7: C7KET12=C5H11CO+CH2O+OH
R38: CH3+CH3O=CH4+CH2O
R39: C2H4+OH=CH2O+CH3
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As discussed earlier the decomposition of ketohydroperoxide (in this case C7KET12)
releases OH radical which is critical in low temperature branching [121]. It can be noted that
R38: CH3+CH3O=CH4+CH2O is also a termination reaction forming formaldehyde and methane.
The NTC is caused because of lack of availability of radicals to sustain chain branching. The
radical starvation is caused by termination reactions like R33: 2HO2=H2O2+O2 [124] with E=0
KJ/mol and R38: CH3+CH3O=CH4+CH2O with E=0 KJ/mol.

These termination reactions

generally have a low/zero activation energy (as in Appendix C) because of which they are very
active in the LT regime.
The

decomposition

of

formaldehyde

is

strongly

influenced

by

R34:

CH2O+OH=HCO+H2O where formaldehyde reacts with OH radical to form HCO radical and
water vapor [124]. This reaction is an exothermic reaction. It can be seen that CH3O and HO2
radicals play a major role in the formation of formaldehyde and hydrogen peroxide respectively
in the cool flame regime. Formation of CO is highly influenced by R36: HCO+O2=HO2+CO
[125] and R8: C5H11CO=C2H4+C3H7+CO in the LT regime. There is a small contribution to
decompose CO from R25: CH3O+CO=CH3+CO2. At high temperatures, formation is influenced
by decomposition of HCO through R37: HCO+M=H+CO+M. But the oxidation of CO by OH
radical through R26: CO+OH=CO2+H dominates the CO2 formation [125]. It can be observed
that one of the major products of formaldehyde decomposition is the HCO radical [125]. HCO
radical decomposes immediately to form CO. HCO radical is the main source of CO formation.
Formation of carbon-di-oxide is influenced by R25 at low temperatures and by R26 at high
temperatures. Formation of OH radical in the HT regime is controlled by R29: 2OH=O+H2O,
R28: H+HO2=2OH, R27: O+OH=O2+H. Largest consumer of OH radical is CO through R26:
CO+OH=CO2+H, followed by, formaldehyde through R34: CH2O+OH=HCO+H2O.
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Based on the discussions, it is clear that hydrogen peroxide and formaldehyde play an
important role in the auto-ignition process. Hence, it is important to study the formation and
decomposition of these species in a detailed manner. Shown in Fig. 4.4 are the mole fractions
(ppm) and the rates of formation of hydrogen peroxide and formaldehyde during various stages
of auto-ignition.

The rates of the reactions forming/decomposing hydrogen peroxide and

formaldehyde are shown in the table 4.1 and table 4.2 respectively during auto-ignition as
marked by the cursors in the figure. The most dominant formation and decomposition reaction is
highlighted in blue and red respectively. In-cylinder temperature has been added for reference.
It can be seen that at about -0.29 CAD, the rate of formation of hydrogen peroxide is at
the maximum. At this point, R33: 2HO2=H2O2+O2 which a termination reaction is the most
dominant formation reaction. From about -0.1CAD to 1 CAD, the rate of formation is constant.
During this period, R35: CH2O+HO2=HCO+H2O2. After 1CAD, the rate of formation starts to
drops to negative value at about 1100K. Rate of decomposition reaches its peak at 1.2CAD. At
this point, R31: H2O2+M1=2OH+M1 dominates the overall formation rate. It can be observed
that rate of R31: H2O2+M1=2OH+M1increases by four orders of magnitude from -0.29 CAD to
1.2 CAD indicating the higher sensitivity of this reaction to increase in temperature due to its
very high activation energy (190.37 KJ/mol).
It can be seen that formation of formaldehyde during low-temperature branching is
dominated by R7: C7KET12=C5H11CO+CH2O+OH. After -0.1 CAD, formaldehyde decomposes
at a constant rate until 1.0 CAD.

The decomposition is always dominated by R34:

CH2O+OH=HCO+H2O. At 1.2 CAD, there is small second formation peak mainly dominated
by R39: C2H4+OH=CH2O+CH3. At 1.28 CAD, the decomposition accelerates dominated by
R34: CH2O+OH=HCO+H2O.
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Figure 4.4: Formation of hydrogen peroxide and formaldehyde during various stages of autoignition

Table 4.1: Rates of reactions forming/decomposing hydrogen peroxide at various stages of autoignition
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Table 4.2: Rates of reactions forming/decomposing formaldehyde at various stages of autoignition
Step-by-step discussion of the formation of the initial radicals (Low Temperature Branching):
Hydrocarbon oxidation is a series of chain branching reactions that lead to the formation
of low-energy-content products from high-energy-reactants releasing heat. Species and reactions
during different stages of combustion has been discussed both based on literature and 0-D
simulations. It is extremely important to know how the initial radicals are formed from a fuel
molecule (in this case C7H16) which eventually leads to chain branching reactions and
combustion. The following discussion on low-temperature branching is based on Westbrook’s
lecture [176].
The first step in the auto-ignition is the abstraction of hydrogen atom from the fuel
molecule by oxygen molecule to form heptyl radical C7H15-2. The suffix ‘2’ indicates the order
of the carbon atom in the chain from which the hydrogen is abstracted.
R4: NC7H16+O2=C7H15-2+HO2
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Figure 4.5: Hydrogen Abstraction from heptane fuel
Once the heptyl radical is formed, primary oxygen addition takes place.
R5: C7H15-2+O2=C7H15O2

Figure 4.6: Primary Oxygen addition to the heptyl radical
After the primary oxygen addition, isomerization of the above radical formed occurs.
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Figure 4.7: Isomerization to form QOOH
After the isomerization, a secondary oxygen addition takes place.

Figure 4.8: Secondary oxygen addition to QOOH radical
After the secondary oxygen addition, there is another isomerization with another internal
hydrogen atom transfer.
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Figure 4.9: Isomerization
The above radical breaks to form ketohydroperoxide (C7KET12) and the first OH radical.
Subscript ‘7’ refers to the number of carbon atoms. ‘12’ refers to reaction group to which this
reaction belongs based on the classification of reactions to develop mechanisms [176]. R6:
C7H15O2+O2=C7KET12+OH.

Figure 4.10: Formation of ketohydroperoxide and the first OH radical
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The ketohydroperoxide decomposes in two steps to form propyl radical, ethane, formaldehyde,
carbon monoxide and the second OH radical. Decomposition of ketohydroperoxide is one of the
major sources of formaldehyde in low-temperature branching (cool flame regime).
R7: C7KET12=C5H11CO+CH2O+OH
R8: C5H11CO=C2H4+C3H7+CO

Figure 4.11: Decomposition of ketohydroperoxide
The propyl radical further decomposes to ethane and a methyl radical.
R10: C3H7=C2H4+CH3

Figure 4.12: Decomposition of propyl radical
Important branching reactions during the intermediate branching regime:
Once the in-cylinder compressed air temperature increases to a certain point due to lowtemperature branching, the hydrogen atom and the oxygen molecule react in the presence of a
third body to form the HO2 radical. R30: H+O2+M1=HO2+M1
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Figure 4.13: Formation of HO2 radical
The HO2 radical combines with itself through a termination reaction forming hydrogen peroxide
and oxygen. R33: 2HO2=H2O2+O2

Figure 4.14: Formation of hydrogen peroxide
The hydrogen peroxide decomposes in the presence of a third body forming OH radicals. This is
the

key

branching

reaction

during

the

intermediate

temperature

regime.

H2O2+M1=2OH+M1

Figure 4.15: Decomposition of hydrogen peroxide
Important reaction during high temperature branching:
Once the temperature reaches to about 1100K, the hydrogen atom reacts with the oxygen
molecule forming the oxygen atom and OH radical. This is the key reaction during the high
temperature branching regime. Backward Reaction of R27: O + OH = H + O2.

R31:
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Figure 4.16: High temperature branching

4.3 Effect of equivalence ratio:
Equivalence ratio is defined as the ratio of stoichiometric air-fuel ratio to the actual air-fuel ratio.
It is most commonly denoted with ɸ.
ɸ = (Air/Fuel ratio)stoic/ (Air/Fuel ratio)actual
If ɸ=1, the air-fuel mixture is stoichiometric
If ɸ<1, the air-fuel mixture is lean
If ɸ>1, the air-fuel mixture is rich
In a diesel engine, once the fuel is injected, there will be local zones of equivalence ratios
varying from zero to infinity. Hence in order to understand the results from 3D simulation or the
experimental results, it is essential to understand auto-ignition characteristics in each zone. The
local equivalence ratios of auto-ignition regions in diesel engines are found to be close to
stoichiometric and richer up to an equivalence ratio of 4 [117, 118, 177]. Hence a wide range of
equivalence ratios are used in this study from 0.8, 1.0, 2.0 and 4.0 while maintaining the intake
temperature and intake pressure constant at 110°C and 1.1 bar respectively. Shown in Fig. 4.17
is the rate of heat release at different equivalence ratios.
observations can be made. As the equivalence ratio increases:

From the Fig. 4.17, following
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-

The commencement of high temperature combustion gets advanced

-

The duration of NTC regime decreases

-

The low-temperature heat release increases

-

The effect of equivalence ratio on the advancement of the high-temperature combustion
decreases at higher equivalence ratios.
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Figure 4.17: RHR, Temperature & Species mole fractions at various equivalence ratios
From the temperature traces, it can be observed that at all equivalence ratios, the hightemperature combustion begin at about 1100K.

The peak temperature increases when the

equivalence ratio is increased from 0.8 to 1.0, but decreases as the mixture becomes richer.
Same trends were observed for the mole fraction of carbon-di-oxide. The peak mole fractions of
formaldehyde, hydrogen peroxide, carbon monoxide increase with the increase in the
equivalence ratio. The same trends are observed for stable hydrocarbon species like CH4, C2H4,
C3H4 and C3H6 (not shown in figure).

As the fuel concentration increased, the stable

hydrocarbon fragments derived from the fuel also increased. Second peak of formaldehyde mole
fraction becomes very significant at higher equivalence ratios. This can be explained by reaction
R39: C2H4+OH=CH2O+CH3. It can be observed that the peak mole fraction of OH radicals drops
significantly at equivalence ratio higher than 1.0. When the equivalence ratio is increased
beyond 1.0, the oxidation of carbon monoxide stops as the high-temperature oxidation of carbon
monoxide depends on OH radicals based on reaction R26: CO+OH=CO2+H.

The low-

temperature heat release is very critical in advancing/retarding the commencement main ignition.
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4.4 Effect of boost pressure:
In order to study the effect of boost pressure, specific parameters are compared between
two boost pressure runs, 1.1 bar and 1.5 bar. The intake temperature and equivalence ratios are
maintained at 110°C and 1.0 respectively. Shown in Fig. 4.18 is the rate of heat release and
temperature traces at two boost pressures. It can be seen from the RHR traces the heat release
during the cool flame regime or the LT regime increased at the higher boost pressure. This is
explained in the following section.

As a result, the commencement of high-temperature

combustion is advanced and the NTC duration is reduced at the higher boost pressure. From the
temperature traces it can be observed that the main ignition starts at about 1100K in both cases.
The difference between two boost pressure results is the time taken to reach that temperature.

P-in = 1.1 bar

P-in = 1.5 bar

Figure 4.18: RHR and temperature traces at 1.1 & 1.5 bar boost pressures
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Shown in Fig. 4.19 is a comparison between different species (both stable species and
radical species) formed at the two boost pressures. The mole fractions of the species at different
stages of the auto-ignition process in both cases are the same as the equivalence ratio is
maintained the same. The difference is that they are advanced as the duration of the NTC regime
is reduced at higher boost pressures. Increasing the boost pressure at a constant equivalence ratio
increases both the fuel and oxygen concentrations (mol/m3) even though the mole fractions
(ppm) remain the same. The rates of chemical reactions are dependent on mol/m3 and not on
ppm. The rates of formation/decomposition of all the species increase at higher boost pressures.
The reactions that contribute to the formation of formaldehyde (both at low and high temperature
regimes) are compared at both boost pressures as an example in Fig. 4.20.

P-in = 1.1 bar

P-in = 1.5 bar
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Figure 4.19: Mole fractions of different species at 1.1 & 1.5 bar boost pressures

P-in = 1.1 bar

P-in = 1.5 bar

Figure 4.20: Reactions forming HCHO during both LT and HT regimes at 1.1 & 1.5 bar boost
pressures
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Figure 4.21: Analysis of hydrogen peroxide and formaldehyde formation at 1.1 bar pressure
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Figure 4.22: Analysis of hydrogen peroxide and formaldehyde formation at 1.5 bar pressure
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Fig. 4.21 and Fig. 4.22 show the analysis of the formation of formaldehyde and hydrogen
peroxide and 1.1 bar and 1.5 bar respectively. Cursors are placed at highest, lowest and constant
formation rates of both the species during the auto-ignition. The tables below show the reaction
rates at the corresponding cursor positions. The most dominant formation and decomposition
reaction is highlighted in blue and red color respectively. As discussed earlier, for the rate of
formation of formaldehyde, it can be seen that the most dominant reaction that causes the first
peak

of

formaldehyde

during

low-temperature

branching

regime

is

R7:

C7KET12=C5H11CO+CH2O+OH. The most dominant reaction that causes the second peak is
R39: C2H4+OH=CH2O+CH3.

The reaction that always dominates the decomposition of

formaldehyde is R34: CH2O+OH=HCO+H2O. Similarly, for the rate of formation of hydrogen
peroxide, the first peak during low-temperature branching regime is dominated by R33:
2HO2=H2O2+O2 and during the intermediate temperature regime, R35: CH2O+HO2=HCO+H2O2.
The decomposition is always dominated by R31: H2O2+M1=2OH+M1.
The same trend is observed for both 1.1 bar and 1.5 bar cases. The main ignition begins
at 1.0 CAD at 1.1 bar boost pressure and -0.05 CAD at 1.5 bar boost pressure when hydrogen
peroxide starts to decompose. At both boost pressures, it happens at about 1100K. It can be
seen that at the rates of both formation and decomposition reactions are higher at higher boost
pressure. As a result, time taken to arrive at the ignition temperature is shorter at higher boost
pressure. This is clearly observed in Fig. 4.21 and Fog. 4.22.
As mentioned earlier that in an engine, there are local zones of varying equivalence
ratios. Hence, the overall effect of boost pressure has been studied at different equivalence ratios
(0.4, 1.0 & 4.0) using the temperature and RHR traces as shown in Fig. 4.23. At all equivalence
ratios, the commencement of main ignition is advanced with the increase in the boost pressure.
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It can also be observed that the effect of boost pressure in advancing the main ignition is reduced
at higher equivalence ratios. It can be inferred that at higher equivalence ratios, the reaction rates
are predominantly controlled by the equivalence ratio than pressure.
At ɸ=0.4:

At ɸ=1.0:
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At ɸ=4.0:

Figure 4.23: RHR and temperature at different equivalence ratios under 1.1 & 1.5 bar boost
pressures
4.5 Effect of intake temperature:
In order to understand the effect of temperature, 0-D simulations were conducted at
intake temperatures of 80°C (Tcyl = 859K) and 110°C (Tcyl = 901K). An intake air pressure of
1.1 bar is kept the same at the two temperatures. Shown in Fig. 4.24 are the RHR and the
temperature traces. It is noticed that the ignition delay is longer at the higher temperature. This
can be attributed mainly to two factors. The first is the mechanism of auto-ignition. Second is
the drop in density of the charge at higher temperature since intake pressure was kept the same.
A detailed analysis is made to determine which of the two factors caused the increase in ID at the
higher temperature.
Fig. 4.24 shows that the start of low-temperature heat release is advanced at higher intake
temperatures. However, the rise in temperature due to cool flame is less than that at 80°C. As a
result, the intermediate temperature regime duration is longer and the commencement of the
main ignition is retarded compared to lower temperature. In order to understand this better, 0-D
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simulations are conducted to determine the ignition delay over a wider range of temperatures and
equivalence ratios.

T-in = 80°C

T-in = 110°C

Figure 4.24: RHR and temperature traces at 80°C and 110°C intake temperatures
Fig. 4.25 shows the ignition delay in milliseconds in Y-axis and inverse of in-cylinder
temperature in X-axis. The in-cylinder temperature increased from 769K (T-in = 80°C) to
1111K (T-in >>> 110°C) to cover a wider range. Three equivalence ratios are considered to
represent lean (ɸ=0. 4), stoichiometric (ɸ=1) and rich (ɸ=4) conditions. It can be seen that for all
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the equivalence ratios, there is a decrease in ignition delay with increase in air temperature up to
a certain point. Then the ignition delay starts to increase with a further increase in the air
temperature up to 1000K. Above 1000K, ignition delay starts to decrease with any further
increase in the air temperature.

Figure 4.25: Ignition delays at different in-cylinder temperature and equivalence ratios
Based on the findings, there are three different major branching reactions that produce
OH radicals at different stages of auto-ignition. The reactions are as follows:
R6: C7H15O2+O2=C7KET12+OH (Low Temperature branching)
R31: H2O2+M1=2OH+M1 (Intermediate Temperature branching)
R27: O+OH=O2+H (High Temperature branching)
Fig. 4.26 shows the rate constant (k) and reactions rates of the above mentioned three
reactions at 80°C (Tcyl = 859K) and 110°C (Tcyl = 901K) intake temperatures. It can be seen that
R6: C7H15O2+O2=C7KET12+OH leading to OH formation is very active during early stages of
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auto-ignition. As the rate of R6: C7H15O2+O2=C7KET12+OH reaches its peak, the temperature
starts to increase because of heat release due to low-temperature branching. Rate of temperature
increase reduces as R6: C7H15O2+O2=C7KET12+OH rate reduces and the auto-ignition process
enters the intermediate temperature regime. As rate of R6: C7H15O2+O2=C7KET12+OH reduces,
rate of R31: H2O2+M1=2OH+M1 starts to increase as the decomposition of hydrogen peroxide
begins. The temperature continues to increase at a slower rate until a particular point where
there is a sharp increase in the rate constants for all three reactions. Backward reaction rate of
R27: O+OH=O2+H increases at a faster rate indicating the commencement of high-temperature
branching accompanied by sharp increase in the temperature.

Rate of R27: O+OH=O2+H

increases in the negative direction as the backward reaction of R27: O+OH=O2+H produces OH
radicals.

T-in = 80°C

T-in = 110°C
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Figure 4.26: Branching paths during various stages of auto-ignition
Though the specific reaction rate for R31: H2O2+M1=2OH+M1 is high compared to R27:
O+OH=O2+H, rate of R27: O+OH=O2+H is much higher than R31: H2O2+M1=2OH+M1
because of the reactant concentration.

At higher in-cylinder temperature of 901K, the

commencement of low-temperature branching is advanced, but the duration to recover from
NTC is longer compared to the lower in-cylinder temperature case. It is because at higher incylinder temperature, the NTC sets in earlier and the peak low-temperature branching reaction
rate (R6: C7H15O2+O2=C7KET12+OH) reduced from 0.12 mol/cc.s at 901K to 0.10 mol/cc.s at
859K.

As a result, the temperature increase due to low-temperature branching is reduced

requiring a long duration to reach the higher-temperature branching regime. Commencement of
main ignition (R27b: O+OH=O2+H) depends on: (a) commencement of low-temperature
branching; (b) temperature increase (heat-release) due to low-temperature branching (R6:
C7H15O2+O2=C7KET12+OH); (c) the duration of the intermediate temperature branching regime
(R31: H2O2+M1=2OH+M1). This is clearly observed in the Fig. 4.27.
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Figure 4.27: RHR and temperature traces for different ambient conditions
Fig. 4.27 shows the temperature and rate of heat release for simulations at three different
in-cylinder temperatures 833K, 858K and 901K at stoichiometric equivalence ratio. When the
ambient temperature increases from 833K to 859K, ignition delay decreases. However when the
in-cylinder temperature increases from 859K to 901K, the ignition delay increases. It can be
observed that when the in-cylinder temperature increases, the commencement of heat release due
to low-temperature branching advances and the peak of heat release decreases. The duration of
intermediate temperature regime increases. The commencement of main ignition at higher
ambient temperature depends on the trade-off between the advancement of low-temperature heat
release and increase in the duration of the intermediate temperature regime.

T-in = 80°C

T-in = 110°C
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Figure 4.28: Mole fractions of different species at 80°C and 110°C intake temperatures
The mole fractions of different species are compared at the two intake air temperatures in
Fig. 4.28. The mole fractions of stable intermediate species like HCHO and H2O2 are reduced.
Also, the duration of the intermediate temperature regime is longer at higher temperature because
of reduced heat release during cool flame regime. This is because when the intake temperature is
increased, the low-temperature branching reactions that are responsible for the heat release
during cool flame become less dominant. Shown in Fig. 4.29 are the rates of reactions forming
formaldehyde during both low-temperature and high-temperature regimes. It can be observed
that at the higher intake temperature, commencement of the cool flame reactions gets advanced,
but the reaction rates are reduced.
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T-in = 80°C

T-in = 110°C

Figure 4.29: Reactions forming HCHO during LT and HT at 80°C and 110°C intake
temperatures
The effect of temperature has been compared at different equivalence ratios in Fig. 4.30.
It can be seen that increase in temperature is more evident at the higher equivalence ratios. At
equivalence ratio of 4.0, the commencement of high-temperature combustion at higher intake
temperature is advanced. As discussed earlier, the commencement of main ignition depends on
the low-temperature branching and the duration of the intermediate temperature branching
regime.
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At ɸ=0. 4:

At ɸ=1.0:

At ɸ=4.0:

Figure 4.30: RHR and temperature traces at different equivalence ratio for 80°C & 110°C intake
temperatures
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4.6: Chapter Conclusions:
The commencement of main ignition takes place at about 1100K. The length of the
ignition delay depends on the time taken by LT (Cool flame) and NTC regimes to increase the
charge temperature to the ignition temperature. The heat release during the cool flame regime
has a great impact on the NTC and high temperature combustion regimes. The higher the cool
flame heat release, the more advanced is the main ignition. 0-D results cannot reproduce the
trends exactly as they were obtained in 3D simulation (which will be discussed in the next
chapter).

In 0-D simulation, temperature, equivalence ratio and species concentration are

assumed to be uniform.

In 3D simulation, there are thousands of cells with different

temperatures, equivalence ratios and species distribution each of which act as a 0-D model.
However, the results obtained from 0-D simulation helps us better understand the auto-ignition
chemistry in terms of identifying the critical species and reactions.
4.6.1 Critical Reactions during the auto-ignition:
Shown below are the critical reactions during Low-Temperature (LT), IntermediateTemperature (IT) and High-Temperature (HT) stages of auto-ignition based on 0-simulation:
Formation of hydrogen peroxide:
R33: 2HO2=H2O2+O2 (LT, IT & HT)
R35: CH2O+HO2=HCO+H2O2 (LT, IT & HT)
R3: NC7H16+HO2=C7H15-2+H2O2 (LT, IT)
Decomposition of hydrogen peroxide
R31: H2O2+M1=2OH+M1 (LT, IT & HT)
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Formation of formaldehyde:
R7: C7KET12=C5H11CO+CH2O+OH (LT)
R38: CH3+CH3O=CH4+CH2O (LT, IT)
R39: C2H4+OH=CH2O+CH3 (LT, IT & HT)
Decomposition of Formaldehyde:
R34: CH2O+OH=HCO+H2O (LT, IT & HT)
Formation/Decomposition of CO/CO2
R8: C5H11CO=C2H4+C3H7+CO (LT)
R25: CH3O+CO=CH3+CO2 (LT, IT)
R26: CO+OH=CO2+H (HT)
R36: HCO+O2=HO2+CO (LT, IT)
R37: HCO+M=H+CO+M (HT)
Formation of OH radical:
R29: 2OH=O+H2O (HT)
R28: H+HO2=2OH (HT)
R27: O+OH=O2+H (HT)
Decomposition of OH radical is dominated by R26 followed by R34 mentioned above.

110

4.6.2 Effect of Equivalence ratio (at a constant charge pressure and temperature):
The increase in the equivalence ratio increases the cool flame heat release and advances the
commencement of auto-ignition. The advancement of the main ignition with the equivalence
ratio decreases at higher equivalence ratios. Effect of equivalence ratio on the formation and
decomposition of different species have been studied in detail.
4.6.3 Effect of Pressure (at a constant equivalence ratio and charge temperature):
Increasing the boost pressure increases the heat release due to low-temperature branching and
advances the main ignition. The concentration of the species at different stages of auto-ignition
are not affected by increase in the boost pressure at a constant equivalence ratio, but the rates of
the reactions during LT, IT and HT regimes increase at higher boost pressures. Effectiveness of
increasing boost pressure in advancing the main ignition decreases with the increase in the
equivalence ratio.
4.6.4 Effect of Temperature (at a constant equivalence ratio and charge pressure):
Increasing intake temperature advanced the commencement of the cool flame heat release,
reduced the peak of cool flame heat release and increases the duration of intermediate
temperature regime.

Effectiveness of increasing the intake temperature increases at higher

equivalence ratios.

At higher equivalence ratios, the commencement of main ignition is

advanced at higher intake temperature.
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CHAPTER 5: Results & Discussion (CFD Simulation)
5.1 Chapter Overview
In this chapter, the results obtained using CFD simulation has been discussed. The point
on the rate of heat release trace at which the exothermic reactions begin has been identified.
Auto-ignition process has been divided into different stages and the critical species
formed/decomposed during various stages are tracked. The effects of boost pressure and intake
temperature on auto-ignition especially on LT and NTC regimes and spray behavior have been
discussed.
5.2 Analysis of Auto-ignition processes:
To determine the contribution of fuel evaporation in the negative RHR after the start of
injection, a comparison is made between the model results for heptane evaporation in nitrogen
and combustion in air. Fig. 5.1 shows both RHR traces are the same from SOI at 2.2 CAD
bTDC to 1.8 CAD bTDC, after which they start to separate, indicating the start of exothermic
chemical reactions. The point of separation is termed POI (Point Of Inflection) at which active
exothermic combustion reactions are considered to start. The details of the exothermic reactions
are explained in the next section of this paper. The trace for the RHR in the nitrogen atmosphere
continues to drop at a slower rate until the EOI at 0.8 CAD aTDC. Fuel evaporation continues
and RHR continues to rise and eventually joins the motoring trace indicating end of fuel
evaporation.
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Figure 5.1: Rate of heat release of heptane in air and nitrogen atmosphere [173]
Fig. 5.2 shows in some details the processes that occur in the combustible mixture from the
start of fuel injection at 2.2 CAD before TDC to the start of the high temperature combustion
regime at 5.5 CAD after TDC. The RHR and charge temperature traces are shown in the lowest
part of the figure, topped by traces for the mole fractions of the hydrocarbon radicals, traces for
the mole fractions of H, O, OH, HO2, HCHO and H2O2. The top part of the figure gives the
percentages of the stable products of combustion: CO, CO2, H2O and O2. The period from SOI
to the sharp rise in RHR can be divided into six segments based on the major processes which
affect the RHR in each segment. Particular attention is given to the processes that occur in the
LT and NTC regimes that contribute in the long ID of low CN fuels.
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I.

This period is about 0.4 CAD (0.44 ms), dominated mainly by fuel evaporation. At
the end of this period RHR dropped to -1.5 J / CAD.

II.

This period is 0.95 CAD (1 ms), dominated by the following processes: (a) break
down of the stable fuel molecules by endothermic reactions, evidenced by sharp
increases in the mole fractions of many hydrocarbon radicals such as CH2, CH3,
C2H3, C2H5 and C3H7 through reactions such as R8: C5H11CO=C2H4+C3H7+CO, R10:
C3H7=C2H4+CH3, R17: CH3+OH=CH2+H2O, R9: C7H15-2=C2H5+C2H4+C3H6, R14:
C3H4+OH=C2H3+CH2O (b) formation of radicals such as O, H, OH and HO2 and
H2O2 through reactions such as R22: CH2+O2=CH2O+O, R11: C3H7=C3H6+H, R16:
CH3+HO2=CH3O+OH,

R36:

HCO+O2=HO2+CO,

R33:

2HO2=H2O2+O2

(c)

formation of partial oxidation products such as formaldehyde through reactions such
as R7: C7KET12=C5H11CO+CH2O+OH.

RHR dropped at a faster rate at the

beginning of this period due to endothermic reactions, followed by a slower rate due
the contribution of the exothermic reactions. At the end of this period RHR reached a
minimum value at - 4 J / CAD.
III.

This period is characterized by the following: (a) a gradual increase in hydrocarbon
radicals,

(b)

an

increase

in

the

formation

of

CH2O

through

R7:

C7KET12=C5H11CO+CH2O+OH, (c) an increase in H2O2 at a slower rate than that of
HCHO through R33: 2HO2=H2O2+O2 (d) a leveling off, or minor changes in mole
fractions of the other species, (e) formation of stable final products such as H2O and
CO

through

reactions

such

as

R2:

NC7H16+OH=C7H15-2+H2O,

R36:

HCO+O2=HO2+CO. During this period RHR increased from - 4 J / CAD to 8 J /
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CAD. Period III represents the low temperature (LT) combustion regime, referred to
as cool flame.
IV.

During this period (a) most of hydrocarbon radicals dropped slightly, (b) H, O and
OH dropped slightly, (c) HCHO reached its peak, (d) H2O2 kept increasing through
through R35: CH2O+HO2=HCO+H2O2 (e) CO and H2O increased. RHR dropped
sharply from 8 J / CAD to about 4 J / CAD indicating a slowing down in the
exothermic reactions. This period is referred to as the NTC (Negative Temperature
Coefficient) regime where the oxidation reactions slow down, in spite of the increase
in the temperature.

V.

This period is characterized by (a) an increase in the hydrocarbon radicals, (b) a sharp
increase in H, O and OH (c) H2O2 reached its peak, (d) a partial drop in HCHO
through R34: CH2O+OH=HCO+H2O and (e) an increase in CO, H2O and formation
of CO2 through R25: CH3O+CO=CH3+CO2. During this period RHR increased at a
sharp rate indicating the start of the high temperature combustion regime.

VI.

This period represents the high temperature combustion regime where the following
processes occur: (a) hydrocarbon radicals started to decrease, (b) H, O, OH and HO2
leveled off, (c) HCHO dropped through R34: CH2O+OH=HCO+H2O, (d) H2O2
dropped through R31: H2O2+M1=2OH+M1, (e) CO started to decrease and (f) O2
dropped at a sharp rate indicating a high rate of oxidation as evidenced by the sharp
rise

in

CO2

through

CH2O+OH=HCO+H2O.

R26:

CO+OH=CO2+H

and

H2O

through

R34:
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It is interesting to observe the role of HCHO in the auto-ignition process. It started to form
in period III, after the sharp rise in the mole fractions of the following radicals, H, O, OH and
HO2.

The rise in HCHO coincided with the start of the LT regime where most of the

endothermic reactions slowed down or leveled off. In the low-temperature oxidation regime,
presence of formaldehyde retards the main ignition as it consumes the OH radical preventing it
from attacking the fuel molecule [178] through R34: CH2O+OH=HCO+H2O. When HCHO
reached close to its peak value, the NTC regime started indicating a drop in the rates of the
oxidation reactions. When HCHO began to decrease, mostly all other species showed sharp
increase. This is followed by a sharp drop in HCHO and a sharp increase in CO2 and H2O.
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Figure 5.2: Division of auto-ignition process into different zones [173]
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5.3 Effect of Intake Temperature on Auto-ignition Processes:
Fig. 5.3 shows that raising the temperature from 80°C to 190°C caused the temperature at SOI to
increase from 885 K to 1030K. This increase in the in-cylinder compressed air temperature of
145K produced the following effects:
1. A larger drop in RHR in period I caused by the higher rates of evaporation due to the
higher charge temperature.
2. Enhanced endothermic reactions as evidenced by the higher mole fractions of
hydrocarbon radicals, H and O. This resulted in a larger drop in RHR from - 4
J/CAD to -5 J/CAD.
3. A shorter period and delta RHR for the cool flame
4. Lower mole fractions of HCHO
5. Higher rates of oxidation reactions that resulted in a higher rate of O2 disappearance,
and a corresponding fast rise in CO2.
The simulation results indicated that the increase in charge temperature enhances the
oxidation reactions in the low temperature combustion regime which shortens the transition
period to the NTC regime. This is in addition to shortening the period of the NTC regime.
According to Ishiyama et. al. [179], at lower ambient temperatures, chemical reactions do not
accelerate until the charge becomes very lean as rich pockets will have very low temperature, but
at high ambient temperatures, reactions rates are high for a wide range of equivalence ratios. If
we consider the ID to be periods I to IV, raising the temperature from 80°C to 190°C reduced the
ID from 7 CAD to 5 CAD, mostly in the LT regime. Based on this finding, some strategies are
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investigated in order to determine their effect in improving the combustion of JP8#31 in military
diesel engines.

Figure 5.3: Comparison between different zone of auto-ignition process at 80°C and 190°C
intake temperatures
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Fig. 5.4 shows data obtained from the simulation at different intake temperatures. It can be
observed that NTC decreases with increase in the intake temperature as observed in the engine
experiments.

Figure 5.4: RHR traces at different intake temperatures using simulation [173]
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5.4 Effect of Boost Pressure on Auto-ignition processes:
P-in = 1.1 bar

P-in = 1.5 bar

Figure 5.5: Comparison of different zones of auto-ignition at 1.1 & 1.5 bar boost pressures [173]
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Fig. 5.5 shows that raising the boost pressure from 1.1 bar to 1.5 bar, at an air inlet temperature
of 110°C produced the following effects:
1. The duration of Zone II is reduced from 0. 95 CAD to about 0. 6 CAD, indicating higher
rates of endothermic and early exothermic reactions.

The increase in the rates of

endothermic reactions produced a sharper drop in the RHR at the higher pressure.
Similarly, the increase in the rates of the early exothermic reactions caused an earlier and
sharper increase in the RHR. This increase can be related to the effect of gas pressure on
the spray behavior. Fuel injection in high gas pressure enhances spray evaporation and
ignitable mixture formation. The increase in the energy required for evaporation and
endothermic reactions cause the sharp drop in the RHR. Similarly, at higher pressures
the fraction of the charge that undergoes exothermic reactions increases which could be
causing the sharp and earlier increase in the RHR.
2. The high rate of exothermic reactions at the higher pressure continued without showing
the drop observed in the NTC regime at the lower pressure.

From CHEMKIN

simulation, it has been found that increasing boost pressure increases the heat release due
to low-temperature branching. This leads to faster rise in temperature which activates
high-temperature branching reactions earlier that initiate combustion. It can also be
observed in Fig. 5.6.
3. The drop in HCHO mole fraction at the higher pressure is at a faster rate and earlier than
at the low pressure for the same reason as mentioned above. Also, from 0-D simulation,
it has been found that formaldehyde is the second largest consumer of OH radical after
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CO. Release of OH radicals at higher boost pressure is sharper than at lower boost
pressure thereby oxidizing formaldehyde at a sharper rate.
4. The traces at the lower pressure show the NTC regime is associated with the peak of
HCHO mole fraction. At the higher pressure the peak mole fraction of HCHO is about
900 ppm compared to 1300 ppm at lower boost pressure. Through CHEMKIN simulation
at a constant equivalence ratio, it is found that the formation of HCHO is enhanced by
increase in boost pressure. In 3D simulation, increasing the boost pressure results in
reduction of the overall equivalence ratio which gives rise to many leaner cells.
The Rate of Heat Release at different gas pressures is plotted in Fig. 5.7 and shows a gradual
disappearance of NTC at the higher boost pressures. This is because at lower boost pressures,
the low-temperature branching through R7: C7KET12=C5H11CO+CH2O+OH which initiates
further branching is slower. As a result, the amount of radicals produced was not sufficient
enough to quickly get through the intermediate temperature regime which forms formaldehyde
and hydrogen peroxide through termination reactions such as R38: CH3+CH3O=CH4+CH2O,
R33: 2HO2=H2O2+O2 and reach the temperature at which hydrogen peroxide starts to decompose
through R31: H2O2+M1=2OH+M1. At 1 CAD bTDC, the rise in RHR is sharper as the boost
pressure is increased. It is interesting to notice that the effect of the increase in boost pressure
calculated in the cycle simulation agrees with the results of the experimental results which will
be discussed in the next chapter. If we consider the ID to be the period starting from Zone I
through the beginning of Zone VI, raising the boost pressure from 1.1 bar to 1.5 bar reduced the
ID from 7.5 CAD to 5.1 CAD mostly because of the elimination of LT and NTC regimes. Fig.
5.7 shows data obtained from simulation at different boost pressures. It can be observed that
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NTC decreases and gradually vanishes with increase in the boost pressure as observed in the
engine experiments.

Figure 5.6: In-cylinder temperature at 1.1 & 1.5 bar boost pressure using simulation

Figure 5.7: RHR traces for n-heptane at different boost pressures using simulation [173]
5.5 Auto-ignition regimes on a P-T map:
A visual representation of different auto-ignition regimes including the misfiring zone on
a P-T map is shown in Fig. 5.8. Numerous simulations are made by under different charge
conditions. The operating conditions under which today’s diesel engines operate are within the
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range of pressure and temperature shown in the map. All these runs are made at Speed = 1500
rpm, Swirl = 3.77, EGR = 0%, SOI = 2 CAD bTDC, EOI = 0.8 CAD aTDC, Injection pressure =
800bar. Charge pressure, charge temperature and charge density are calculated at SOI. The
temperature is varied from 780K to 1040K and the pressure is varied from 30 bar to 90 bar as
shown in Fig. 5.8. The dotted lines are constant charge density lines. Charge density is varied
from 15 kg/m3 to 30 kg/m3. Black dots indicate that engine misfired under those conditions.
Blue dots indicate the conditions at which NTC regime is present (two-stage auto-ignition).
Green dots indicate the conditions at which only LT regime is present with no NTC and red dots
indicate the conditions at which there is only high-temperature auto-ignition with no visible
presence of LT or NTC (single-stage auto-ignition). When the charge density is increased by
increasing the charge pressure and maintaining the charge temperature at about 930K, the autoignition gradually transitions from two-stage to single stage. On the other hand, keeping the
charge density constant at 30 kg/m3, increasing the charge pressure and charge temperature
gradually transitions from a misfiring zone to a single-stage auto-ignition zone. Developing P-T
maps experimentally based on practical fuels under different charge conditions provides the
engine researchers a great edge in calibrating and fabricating engines in order to meet future
emission norms, accommodate alternate fuels and to improve cold-start characteristics of future
engines.
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Figure 5.8: Auto-ignition regimes on a P-T map
5.6 Spray Behavior:
In order for the auto-ignition reactions to start, fuel must evaporate. Liquid length of the
developed high pressure fuel spray is a critical parameter that is affected by fuel type, fuel
delivery system and ambient conditions [180]. Spray structure not only changes with ambient
gas density but also with fuel and volatility [181, 182]. In order to study the spray evaporation,
fuel is injected in nitrogen atmosphere under different charge conditions by keeping the boost
pressure constant while varying the intake temperature and by keeping intake temperature
constant while varying the boost pressure. Effect of fuel volatility on spray evaporation has also
been studied by injecting n-heptane and n-dodecane under the same charge conditions in
nitrogen atmosphere. Nitrogen atmosphere is chosen to eliminate any oxidation reactions and to
focus on the physical process completely.
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5.6.1 Effect of Intake Temperature on Spray Behavior:
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Figure 5.9: Effect of intake temperature on spray behavior in nitrogen atmosphere
[Heptane, Speed=1500 rpm, Swirl=3.77, Injection Pressure=800bar,SOI=2CAD bTDC,
EOI=0.8CAD aTDC, Intake pressure=1.1 bar, Intake temperatures=80°C & 190°C]
Fig. 5.9 shows the images of spray injected into nitrogen at 80°C & 190°C intake
temperature conditions. The images show only the sprays in liquid state. It can be seen that the
spray injected at 190°C intake temperature condition evaporated first. The spray injected into
80°C intake temperature condition evaporated 0.2 CAD later. It can also be observed that liquid
spray penetration of the spray at 80°C is shorter than that of 190°C. This is because for a given
intake pressure, at lower intake temperature, the charge density would be higher.
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5.6.2 Effect of Boost Pressure on Spray Behavior:
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Figure 5.10: Effect of boost pressure on spray behavior in nitrogen atmosphere
[Heptane, Speed=1500 rpm, Swirl=3.77, Injection Pressure=800bar,SOI=2CAD bTDC,
EOI=0.8CAD aTDC, Intake temperature=110°C, Intake pressures=1.1 bar & 1.5 bar]
Increasing boost pressure did not make any significant difference in the spray evaporation
in nitrogen. However there is a significant difference in the liquid spray penetration. It can be
observed that the liquid spray penetration distance is less in 1.5 bar case because of increased
charge density. The penetration length decreases with increase in ambient density due to faster
break-up [183] resulting from increased drag force [134]. The fuel-air mixing is predominantly
controlled by ambient density along with injection parameters [184].

Increasing intake

temperture and boost pressure did not affect the evaporation rate significantly in nitrogen
atmosphere.

However in oxygen atmosphere, increased oxygen concentration (in case of

increased boost pressure) and increased charge temperature (in case of increased intake
temperature) not only increase the rate of reactions and reduce chemical delay but also might
advance the onset of chemical delay thereby slightly reducing the physical delay. This is
discussed in the experimental data.
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5.6.3 Effect of Fuel Volatility on Spray Behavior:
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Figure 5.11: Effect of boost pressure on spray behavior in nitrogen atmosphere
[Heptane & Dodecane, Speed=1500 rpm, Swirl=3.77, Injection Pressure=800bar,SOI=2CAD
bTDC, EOI=0.8CAD aTDC, Intake temperature=110°C, Intake pressures=1.1 bar]
Effect of fuel volatility on spray evaporation is studied in Fig. 5.11.

Heptane and

dodecane are injected in nitrogen atmosphere under same charge conditions. It can be seen that
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liquid spray penetration is longer for dodecane as it denser than heptane. Velocity profile also
indicates that droplet velocity in the spray is lesser for dodecane than heptane. It can be
observed than heptane evaporates faster than dodecane because of its higher volatility. Heptane
fully evaporates at 1.6 CAD aTDC without any wall wetting. In case of dodecane, there is wall
wetting and the complete evaporation takes place at 22 CAD aTDC. It can be concluded that
fuel volatility definitely plays a role in the physical part of the ignition delay.
5.7 Chapter Conclusions:
Start point of the exothermic reactions has been found to be the “Point of Inflection”.
Increasing intake temperature advances the start of main ignition, reduces the drop in the RHR
during NTC and lengthens the intermediate temperature regime. Increasing intake temperature
advances the low-temperature branching regime and reduces its duration. As a result, the radicals
produced are not enough to quick get through intermediate temperature branching regime.
Increasing intake pressure also advances the start of main ignition, eliminates LT & NTC
regimes by increasing the heat release due to low-temperature branching. This enables faster rise
in temperature leading to advanced commencement of high-temperature branching reactions
which initiates main combustion. Formation of species like HCHO, H2O2 from termination
reactions reduces the availability of radical needed to sustain branching. This reduces the rate of
heat release by reducing the rate of branching reactions thereby producing the NTC regime.
Different regimes of auto-ignition have been studied on a P-T map. Effect of ambient conditions
and fuel volatility on spray behavior has been studied under non-reacting conditions.
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CHAPTER 6: Results & Discussion (Experimental Investigation)
6.1 Chapter Overview:
This chapter discusses the results obtained in the experimental investigation which
covered testing of 4 fuels namely, ULSD, S-8, JP-8 (HCN), JP-8 (LCN) under different intake
temperatures (50°C - 110°C) and boost pressures (1.1 bar – 1.5 bar). This chapter also discusses
how the properties and composition of various fuels reflect in their auto-ignition behavior.
Running Conditions: Speed=1500 rpm, IMEP=3bar & 5bar, Swirl=3.77, EGR=0%, Injection
Pressure=800bar,

SOI=2CAD

bTDC,

Intake

pressure=1.1

bar-1.5

bar,

Intake

temperatures=50°C-110°C
6.2 Definitions of Ignition Delay:

Figure 6.1: Definition of ignition delay used in this investigation [174]
Ignition delay is the time elapsed between the start of injection (SOI) and start of
combustion (SOC). Start of injection is a key parameter in engine controls since it affects the
noise, performance and emissions of the engine [185]. Many parameters have been used to
define the SOC. These include that point at which one of the following parameters is reached: a
certain percentage of heat release rate [169, 186, 187], a specified pressure rise due to
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combustion [188-190] and luminescence [189, 191]. In this investigation the start of combustion
is considered to be the point where the dP/dӨ in the firing pressure trace is ‘zero’ or where
dP/dӨ switches from a negative value to a positive value as illustrated in Fig. 6.1.
6.3 Rates of Heat Release for Different Fuels:
Fig. 6.2 shows the RHR traces for all fuels at high load and 50°C intake temperature. It
can be seen that JP-8 (LCN) burns very late in the expansion stroke because of its low cetane
number. Among the other three fuels, ULSD produced the highest peak of RHR. S-8 produced
the lowest peak of RHR because of its shortest ignition delay compared to other fuels. Figure
6.3 shows the same RHR traces as in Fig. 6.2, but zoomed into the auto-ignition regime. It
demonstrates the difference between the auto-ignition reactions of JP-8 (LCN) and the rest of the
fuels. JP-8 (LCN) fuel experienced the low temperature combustion regime before the start of
the high temperature combustion reactions.

From literature it can be learned that other

researchers have observed NTC behavior of fuels with investigations involving EGR [192, 193].
In this investigation, no EGR is used, yet JP-8 (LCN) exhibited NTC behavior. F-T SPK fuel
having the highest cetane number demonstrated high rates of auto-ignition reactions crossing the
motoring curve before all other fuels. JP-8 (HCN) demonstrated faster rates of auto-ignition
reactions than ULSD despite having a slightly higher cetane number. This can be explained by
the higher volatility of JP-8 (HCN).
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ULSD
JP-8(LCN)
JP-8(HCN)
F-T SPK

Figure 6.2: RHR traces for different fuels at 50°C intake temperature [174]

Figure 6.3: RHR traces for different fuels at 50°C intake temperature zoomed into the autoignition regime [174]
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6.4 Effect of Intake Temperature on Auto-ignition Processes:

Figure: 6.4: Ignition delay for different fuels
Ignition delay for different fuels is plotted against the intake temperature in Fig. 6.4. It
can be seen that the ignition delay for all the fuels is reduced as the intake temperature is
increased. It can be seen that JP-8 (LCN) has the longest ignition delay of all the fuels because
of its very low cetane number. S-8 has the shortest ignition delay because of its high cetane
number. JP-8 (HCN) has shorter ignition delay than ULSD because of its higher volatility and
slightly higher cetane number.

150

Figure 6.5a: Physical delay for different fuels

Point of Inflection

Figure 6.5b: Sample calculation of ‘Point of Inflection’
Fig. 6.5a shows the physical delay for different fuels. The physical delay has been
calculated from SOI (start of injection) to POI (Point of inflection) on the rate of heat release
trace. POI is the point where value of the second derivative of the rate of heat release trace
crosses “zero” and becomes positive after the SOI. A sample is shown in Fig. 6.5b. It can be
seen that increasing intake temperature did not make any significant difference in the physical
delay for all the fuels. ULSD has the longest physical delay and S-8 has the shortest physical
delay due to their low and high volatilities respectively. JP-8 (HCN) has shorter physical delay
than ULSD and longer physical delay than S-8.
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Figure 6.6: Pre-mixed burn percent for different fuels
Fig. 6.6 shows the effect of intake temperature and load on the pre-mixed burn fraction of
different fuels at intake temperature of 50°C at 3 bar IMEP and 110°C at 5 bar IMEP. Pre-mixed
burn percent is calculated from the integrated rate of heat release trace normalized using the
value at the exhaust valve opening [186, 194, 195]. One extreme is low load and low intake
temperature (3 bar IMEP and 50°C) and the other extreme is high load and high intake
temperature (5 bar IMEP and 110°C). It can be seen that JP-8 (LCN) has the highest pre-mixed
burn percentage in both cases because of its longest ignition delay compared to other fuels. S-8
having a very high cetane number and being highly volatile has the smallest pre-mixed burn
percent because of its very short ignition delay. JP-8 (HCN) has a smaller pre-mixed burn
percent compared to ULSD because of its shorter ignition delay. It can be seen that when both
the intake temperature and the load are increased, the pre-mixed burn fractions for all the fuels
decreases, mainly because of the drop in the ID periods.
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Figure 6.7: Effect of load and intake temperature on the auto-ignition of JP-8(LCN) [174]
Fig. 6.7 shows the RHR traces for JP-8 (LCN) at two intake temperatures (50°C &110°C)
and under two different loads (3 bar & 5 bar IMEP). SOI was different at the two loads. SOI at 5
bar IMEP was 2.5 CAD bTDC. At 3 bar IMEP load, JP-8 (LCN) misfired at 2.0 CAD bTDC
SOI. Hence SOI was advanced to 6.0 CAD bTDC where JP-8 (LCN) started firing. At low load
and low intake temperature, the drop in RHR during NTC regime is very clear. As the intake
temperature is increased at the same load, the NTC regime disappears and only the LT regime
exists. At high load and low intake temperature, the drop in RHR during NTC regime exists but
not as significant as at the low load and low intake temperature. As the intake temperature is
increased at high load, both LT and NTC regimes disappeared.
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Figure 6.8: RHR traces for JP-8 (LCN) at different intake temperatures [174]
[Speed=1500 rpm, IMEP=5bar, Swirl=3.77, EGR=0%, Injection Pressure=800bar, SOI=2.5
CAD bTDC, Intake pressure=1.1 bar, Intake temperatures=50°C-110°C]
Fig. 6.8 shows the early stages of ignition for JP-8 (LCN) at 5 bar IMEP and 1500 rpm at
different temperatures between 50°C to 110°C. It can be seen that as the intake temperature is
increased, the NTC regime gradually disappeared.

At 110°C intake temperature NTC

disappeared. At temperature from 60°C to 100°C, LT regime is depicted.
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Figure 6.9: Ignition delay vs mean temperature [174]

Figure 6.10: Mean temperature vs mean pressure [174]
Fig. 6.9 shows ignition delay vs mean temperature during the ignition delay period for
JP-8 (LCN). The blue and red colored lines correspond to low load (3 bar IMEP) and high load
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(5 bar IMEP) respectively. It can be observed that at low load, there is only one point at the end
of the line that did not have NTC when the mean temperature during ignition delay is 860K. At
high load, three points circled exhibit NTC because of low intake temperature, other points did
not exhibit NTC. Fig. 6.10 shows mean pressure during ignition vs mean temperature during
ignition delay. It can be seen that as the charge temperature is increased, the charge pressure is
reduced as the charge becomes less dense. It can be seen that NTC disappears when either the
temperature is above 850K at a pressure of 46.8 bar or the temperature is above than 650K at a
pressure of 50.8 bar. Higher mean temperature and pressure can reduce the NTC regime.

Figure 6.11: Arrhenius plot for different fuels [174]
Fig. 6.11 shows the Arrhenius plots for different fuels. Arrhenius plots are made to
calculate the global apparent activation energy (E) of the global auto-ignition reactions for
different fuels. Natural logarithm of ignition delay is plotted against the inverse of absolute
mean temperature. The slope of the line best fit gives the (E/R) term of the equation given
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below, where A is the pre-exponential factor, R is the universal gas constant and T is the mean
temperature.
(

)

---------- (x)

Activation
Energy (J/mol)
ULSD
1975
JP-8 (HCN)
5305
F-T SPK/S-8
2034
JP-8 (LCN)
2106
Table 6.1: Global activation energies for different fuels
Fuel

It can be observed from Table 6.1 that JP-8 (HCN) has the highest activation energy. S-8
has low activation energy because of its very high cetane number. JP-8 (LCN) having the lowest
cetane number also has a very low activation energy compared to JP-8 (HCN).

This is

unexpected because in general cetane number is inversely proportional to global activation
energy [196]. This could be related to the two-stage auto-ignition observed with JP-8 (LCN)
unlike other fuels. The apparent activation energy for the global auto-ignition reactions does not
seem to depend on just the cetane number of the fuel alone.
6.5 Effect of Boost Pressure on Auto-ignition Processes:
As can be seen from Table 6.2, ULSD being the least volatile fuel took the longest period
from SOI to POI, while FT-SPK being the most volatile fuel took the shortest period from SOI to
POI. JP-8 (LCN) took the longest period from POI to SOC as it has the lowest cetane number of
all the fuels. FT-SPK took the shortest period from POI to SOC as it has the highest cetane
number. JP-8 (HCN) being slightly more volatile and having a slightly higher cetane number
than ULSD took less time from SOI to POI and also from POI to SOC. It can be observed that
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fuel volatility played a major role in ‘SOI-POI’ duration and fuel cetane number played a major
role in ‘POI-SOC’ period.

POI

Figure 6.12: RHR traces for ULSD at 1.1 & 1.5 bar boost pressures [173]
Duration from SOI to Duration from POI to SOC
POI (CAD)
(CAD)
Fuel

1.1 bar 1.5
bar 1.1
boost
boost
boost

bar

ULSD

2.1

1. 9

3.4

2.5

JP-8 (HCN)

1. 6

1. 4

2.9

2

FT-SPK

1.5

1.1

2.2

1. 8

JP-8 (LCN)

1. 9

1. 9

8. 8

4

1.5 bar boost

Table 6.2: “SOI-POI” and “POI-SOC” durations for different fuels at 1.1 & 1.5 bar boost
pressures
From Table 6.2, it can be observed that, increasing the boost pressure from 1.1 to 1.5 bar
reduces both the ‘SOI-POI’ and ‘POI-SOC’ periods thereby reducing the ignition delay.
Increasing the boost pressure from 1.1 to 1.5 bar reduced the ‘SOI-POI’ duration by 0.2 CAD for

158

ULSD and JP-8 (HCN), 0. 4 CAD for FT-SPK, but made no difference for JP-8 (LCN). It can
be observed that the highly volatile fuel seems to be more sensitive to the change in boost
pressure during ‘SOI-POI’ duration compared to fuels with lower volatility. The sensitivity of a
fuel in the physical part of the ignition delay is directly related to its volatility.
The increase in the boost pressure has the least effect on reducing ‘POI-SOC’ of FT-SPK,
but a major impact on JP-8 (LCN) where this period dropped by 4.4 CAD from 8.8 CAD. It can
be stated that the rates of exothermic auto-ignition reactions for the low cetane JP-8 increase and
are more sensitive to the boost in pressure than the higher cetane JP-8.
Fig. 6.13 shows the ignition delay for four fuels at different boost pressures. FT-SPK
having the highest cetane number compared to all other fuels produced the shortest ignition delay
at all pressures. JP-8 (LCN) produced the longest ignition delay as it has the lowest cetane
number. JP-8 (HCN) produced a shorter ignition delay than ULSD because it has a slightly
higher cetane number and a much higher volatility than ULSD. Ignition delay decreases with the
increase in the boost pressure because of the enhanced spray evaporation and mixing, in addition
to the increased charge density which increased the spatial density of oxygen. Boost pressure
determines the mass of oxygen in the charge [197]. According to Su et. al [198], high charge
density promotes air-fuel mixing rate. JP-8(LCN) showed the highest sensitivity to the increase
in boost pressure. The increase in boost pressure from 1.1 bar to 1.5 bar reduced the delay
period of JP-8(LCN) by 4.9 CAD (0. 54 ms) compared to close to one CAD (0. 11 ms) for the
other three fuels.
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Figure 6.13: Ignition delay for all fuels at different boost pressures [173]

Figure 6.14: (a) Peak cylinder pressure vs intake pressure for different fuels, (b) Cylinder
pressure vs CAD for different fuels at 1.1 bar boost pressure
Fig 6.14a shows peak cylinder pressure for different fuels at different boost pressures. It
can be seen that the general trend is, as the boost pressure is increased, the peak cylinder pressure
increases. The peak cylinder pressures for all other fuels are quite close compared to JP-8
(LCN).

The peak cylinder pressure for JP-8 (LCN) is very low compared to other fuels

especially at low boost pressures. This is because JP-8 (LCN) has a very long ignition delay
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resulting in combustion very late in the expansion stroke as seen in Fig. 6.14b. As the boost
pressure is increased, the combustion of JP-8 (LCN) is improved drastically. At 1.5 bar boost
pressure, JP-8 (LCN) produced the highest peak cylinder pressure. This is because long ignition
delay of JP-8 (LCN) plays in its favor at higher boost pressure enabling enough time for air-fuel
mixing.

Figure 6.15: RHR traces for JP-8 (LCN) at different boost pressures [173]
The effect of boosting the pressure from 1.1 bar to 1.5 bar on the RHR during the autoignition of JP-8 (LCN) is shown in Fig. 6.15. The trace at 1.1 bar depicts the drop in RHR due to
fuel evaporation, followed by early exothermic reactions, low temperature (LT) combustion
(cool flame), the negative temperature coefficient (NTC) regime and the high temperature
combustion regime. The figure above shows that the increase in the boost pressure gradually
reduces the NTC and LT and then completely eliminates them at 1.5 bar. The details of the
chemical auto-ignition processes at different boost pressures are investigated by simulation in the
next section.
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6.6 Effect of Fuel Composition:
The fuels used in this investigation are tested for their composition from South West
Research Institute, San Antonio. Test summary is shown in Table 6.4. Cetane number is added
in the last row for reference.
Volume %

ULSD

JP-8 (HCN)

FT-SPK/S-8

JP-8 (LCN)

35.9

49. 2

93.9

90. 4

Cyclo Paraffins

38. 5

38. 9

6.1

9. 4

Aromatics

25.6

11. 9

0

0. 2

46

50

58

31

Paraffins (n- &
iso-)

Derived Cetane
Number
Table 6.3: Summary of Fuel Composition Report, SWRI
It can be seen that as the paraffin content increases from 35.9% for ULSD to 49.2% for
JP-8 (HCN) to 93.9 for FT-SPK and the cetane number increases from 46 to 50 to 58
respectively. It was discussed earlier n-paraffins and iso-paraffins tend to advance the high
temperature heat release the most compared to classes of components. This is because of their
increased low-temperature reactivity and low-temperature branching. It was also discussed
earlier that increase low-temperature heat release advances the start of main combustion thereby
reducing the ignition delay. Hence, FT-SPK has the shortest ignition delay among all the fuels
and JP-8 (HCN) has shorter ignition delay than ULSD in all the runs. However the cetane
number of JP-8 (LCN) is 31 despite having 90.4% paraffins.

The report did not specify

individual percentage of n- and iso-paraffins. Looking into the distillation curves (given in
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Appendix B) for these fuels, it can be seen that JP-8 (LCN) has mostly lighter components than
other fuels indicating most of its content is smaller carbon number molecules. This could be one
of the reasons for its low cetane number.
Though S-8 and JP-8 (LCN) have very similar paraffin content, they have very different
cetane numbers. This is explained using Fig. 6.16 obtained from a report of a project funded by
U. S. Air Force Research Laboratories [199]. The fuel batches used in the report may not be
same as the ones used in this investigation. Fig. 6.16 and Fig. 6.17 show the distribution of n-,
iso- and cyclo-paraffins for S-8 and JP-8 (LCN). Information for other fuels used in the original
figure in the report has been discarded. It can be seen that S-8 has more n-paraffins than JP-8
(LCN). JP-8 (LCN) has more cyclo-paraffins than S-8. Carbon number of JP-8 (LCN) varies
from C8 to C14 whereas carbon number of S-8 varies from C6 to C16. The paraffins for S-8 are
distributed in a smooth bell-shape over the carbon number range unlike JP-8 (LCN) which is
distributed erratically. This indicates S-8 has heavier components than JP-8 (LCN) which agrees
with our distillation curve data.
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Figure 6.16: Paraffin distribution of JP-8 (LCN) (referred as Sasol IPK) and S-8 [199]

Figure 6.17: Paraffin distribution and carbon number for JP-8 (LCN) (referred as Sasol
IPK) and S-8 [199]
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To further the understanding, the fuels used in this investigation are tested for n-, isoparaffin and cyclo-paraffins content at Core Laboratories, Deer Park, Texas. The summary of
the report is given in Table 6.4. ULSD is not tested because of the unavailability of the sample
from the batch used in this investigation.
Volume %

JP-8 (HCN)

FT-SPK/S-8

JP-8 (LCN)

n-Paraffins

9. 2

7. 1

5.5

Iso-Paraffins

29. 8

86.3

77. 0

Cyclo-Paraffins

44.5

3.5

16.6

Aromatics

16.5

3.1

0. 9

Cetane Number

50

58

31

Table 6.4: Summary of fuel composition report, Core Laboratory
From the table, it can be seen that S-8 has more n-paraffin content than JP-8 (LCN). JP-8
(LCN) has the least n-paraffin content. Major part of S-8 is iso-paraffins like JP-8 (LCN). JP-8
(LCN) has iso-paraffins of smaller carbon number compared to S-8 based on the distillation
curves and the military report discussed before. JP-8 (LCN) has a lot more cyclo-paraffin
content than S-8 which agrees with the military report. As a result, JP-8 (LCN) has a very slow
low-temperature heat release which delays the transition between different stages of autoignition and commencement of the main ignition.

Other fuels transition quickly between

different stages of auto-ignition with enough over-lapping between the stages unlike JP-8 (LCN).
It has been discussed earlier that fuel volatility also plays a role in the auto-ignition process along
with the fuel cetane number. The ignition delay of the four fuels tested is plotted against cetane
number and volatility under different conditions as shown in Figures 6.18, 6.19 and 6.20. Fuel
volatility is characterized as the inverse of flash point.
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Figure 6.18: ID vs CN vs Volatility at 1.1 bar & 1.5 bar
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Figure 6.19: ID vs CN vs Volatility at 50°C & 110°C at 3 bar IMEP
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Figure 6.20: ID vs CN vs Volatility at 50°C & 110°C at 5 bar IMEP
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Higher the volatility, higher would be the inverse of flash point. There are three sets of
data shown. Fig. 6.18 shows the effect of intake pressure. Fig 6.19 and Fig. 6.20 shows the
effect of intake temperature at 3 bar and 5 bar IMEP respectively. In all cases, projection on the
Ignition delay-Cetane number plane shows that increasing the cetane number reduces the ignition
delay. Projection on Ignition delay-Volatility plane shows than increasing fuel volatility also
reduces the ignition delay except for JP-8 (LCN) because of its very low cetane number.
Increasing the boost pressure and intake temperature reduces ignition delay, but increasing load
from 3 bar IMEP to 5 bar IMEP increases the ignition delay. S-8 represents high cetane-high
volatility limit, where as JP-8 (LCN) represents low cetane-high-volatility limit.

ULSD

represents low cetane-low volatility limit. JP-8 (HCN) falls in the middle. Fuel like biodiesel
would be a good representative of high cetane-low volatility limit.
6.7 Chapter Conclusions:
Under all conditions FT-SPK produced the shortest ignition delay followed by JP-8 (HCN),
followed by ULSD. JP-8 (LCN) produced the longest ignition delay.
“SOI-POI” duration is considered as the physical delay period and fuel volatility has been found
to play a major role in this period.
“POI-SOC” duration is considered as the chemical delay period and the cetane number of the
fuel has been found to play a major role in this period.
Ignition delay of all the fuels decreased with increase in the intake temperature and pressure.
NTC regime for JP-8 (LCN) disappeared with increase in intake temperature and pressure.
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CHAPTER 7: Conclusions & Recommendations
Conclusions:
The following conclusions are based on experimental and computer simulation investigations
to determine the effect of charge conditions (intake temperature and boost pressure) and fuel
properties (mainly, volatility and CN) on the auto-ignition process. The fuels used are ULSD,
JP-8 (HCN) with a cetane number close to that of ULSD, JP-8 (LCN) with a fairly low cetane
number and synthetic fuel FT-SPK which has the highest volatility and cetane number among all
the fuels. The engine is a single cylinder, direct injection, research type diesel engine equipped
with a common rail injection system and an open ECU. The tests were conducted under steady
state conditions: IMEP = 3 bar, speed = 1500 rpm, injection pressure = 800 bar and SOI at 2
CAD before TDC. The boost pressure was varied from 1.1 bar to 1.5 bar and the intake
temperature was varied between 50°C to 110°C. The simulation investigations were made using
two approaches. The first considered a zero dimensional model for a homogenous charge of nheptane and air, using CHEMKIN. The simulation results identified the role of different species
in the development of the cool flame, the NTC and the high temperature oxidation regimes. In
the second approach, a CFD cycle simulation model was applied under the engine experimental
operating conditions to gain a better understanding of the effect of boost pressure and inlet
temperatures on the physical and chemical processes involved in the auto-ignition process.
General Conclusions:


The 0-D simulation showed that the rate of heat release during low-temperature
branching has an impact on advancing the main ignition. Higher rates of heat release, in
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the low temperature branching regime, advance the main ignition by increasing the rate
of temperature rise to the level where species like HCHO and H2O2 start to decompose.


The CFD simulations showed the detail of the RHR trace during the ignition delay
period. The negative RHR immediately after SOI is due to the combined effects of fuel
evaporation and endothermic reactions. The trace depicts a point of inflection (POI) at
which the active exothermic reactions start. The period from the start of injection to POI
can be considered as the physical delay period.

The period from POI to start of

combustion (SOC) can be considered as the chemical delay period.


Fuel volatility plays a major role in the physical delay while fuel CN plays a major role in
the chemical delay period.

Effect of Boost Pressure:


In this investigation, ignition delay decreased with all the fuels at higher boost pressures.



Increasing boost pressure at a constant intake temperature reduces the liquid spray
penetration because of increased charge density. When the charge density is increased,
the drag force is increased and the spray break-up is enhanced.



Increasing boost pressure enhances low-temperature branching reactions and formation
of radicals because of increased oxygen concentration. As a result, the intermediate
temperature regime is shortened because of faster rise in temperature and the hightemperature branching is advanced. Hence, the ignition delay decreases when the boost
pressure is increased. Effect of boost pressure on these key branching reactions based on
0-D simulation is shown below. R6: C7H15O2+O2=C7KET12+OH (Low-Temperature);
R31: H2O2+M1=2OH+M1 (Intermediate-Temperature); R27: O+OH=O2+H (HighTemperature)
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JP-8 (LCN) which is a low-cetane fuel depicted the two-stage auto-ignition at lower
boost pressures.
enhanced.

For high CN fuels, the low-temperature branching reactions are

As a result, there are enough radicals formed which enable a seamless

transition between different stages of auto-ignition leading to combustion. Increasing
boost pressure does exactly the same for the low-cetane fuel. Hence, when the boost
pressure is increased, the LT and NTC regimes gradually disappear. As a result, the
reduction in the ignition delay for JP-8 (LCN) is more at higher boost pressures. In
addition, the reduction of ID in this investigation might have been caused by advancing
combustion closer to TDC rather being late in the expansion stroke.


Increasing boost pressure at a constant IMEP reduces the formation of HCHO because of
the reduced overall equivalence ratio.

Effect of Intake temperature:


In this investigation, higher intake temperatures reduced the ignition delay for all the
fuels.



Increasing intake air temperature at a constant boost pressure increases compressed air
temperature and reduces charge density. Increasing the intake air temperature increases
the rate of spray evaporation.
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Increasing intake air temperature advances low-temperature branching regime and
reduces its duration. As a result, the commencement of the intermediate temperature
regime is also advanced. However, not enough radicals are formed at the end of the lowtemperature branching regime which cause an increase in the duration of the intermediate
temperature branching. The ignition delay period depends on the trade-off between the
advancement of the low-temperature branching regime and the longer duration of the
intermediate temperature branching regime. Effect of intake temperature on these key
branching

reactions

based

C7H15O2+O2=C7KET12+OH

on

0-D

simulation

(Low-Temperature);

is
R31:

shown

below.

R6:

H2O2+M1=2OH+M1

(Intermediate-Temperature); R27: O+OH=O2+H (High-Temperature)



Unlike pressure, since temperature is a local property, such local trade-offs occur all over
the combustion chamber. The CFD and experimental results show that the global effect
of all the local trade-offs indicate the domination of advancement of the low-temperature
branching over the increase in the duration of the intermediate temperature regime.
Hence ignition delay decreases at higher intake air temperatures.



Arrhenius plots were made for all fuels to calculate the apparent activation energy for
global auto-ignition reactions. JP-8 (LCN) had the least activation energy even it has the
lowest cetane number. This can be related to the effect of the increase in temperature on
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the two-stage LT and NTC regimes in the auto-ignition of JP-8 (LCN), which is not the
case with other fuels.
Recommendations:
The scope of this study can be widened to study the effect of injection pressure on spray
formation and chemical reactions. The conclusions drawn from this study can be applied for the
development of surrogate fuels and improve existing hydrocarbon mechanisms.
DEFINITIONS/ABBREVIATIONS


ARHR – Apparent Rate of Heat Release



aTDC– After Top Dead Center



bTDC– Before Top Dead Center



C7KET12 – Ketohydroperoxide (structure shown below)



CAD – Crank Angle Degree



CN – Cetane number



C. R. – Compression ratio



DCN – Derived Cetane number (ASTM D6890)



ECM – Engine Control Module



EGR – Exhaust Gas Recirculation



EOI – End of Injection
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EVO – Exhaust valve opening



F-T SPK – Fischer-Tropsch Synthetic Paraffinic Kerosene



HSDI – High Speed Direct Injection



HT – High Temperature



ID – Ignition delay



IMEP – Indicated Mean Effective Pressure



IT – Intermediate Temperature



LT – Low temperature



NTC – Negative Temperature Coefficient



P-mean – Mean pressure during ignition delay



POI – Point of inflection



RHR – Rate of Heat Release (same as ARHR)



SOI – Start of Injection



SOC – Start of combustion



TDC – Top Dead Center



T-mean – Mean temperature during ignition delay



ULSD – Ultra Low sulfur diesel
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APPENDIX A
Table A.1 – Effect of boost pressure
TEST MATRIX AND EXPERIMENTAL
CONDITIONS
FUELS
ULSD, JP-8 (HCN), F-T
SPK, JP-8(LCN)
INJECTION PRESSURE (in
800
Bars)
ENGINE SPEED (rpm)
1500
LOAD

3 bar IMEP

SWIRL

3.77

EGR

0%

START OF INJECTION

-2.0 CAD* bTDC

INJECTION DURATION

0. 358 ms

INTAKE AIR PRESSURE

1.1 bar – 1.5 bar

INTAKE AIR
TEMPERATURE

600C

COOLANT OUTLET
TEMPERATURE

82.20C

Table A.2 – Effect of intake temperature
*JP-8 (LCN) WAS INJECTED AT -6.0 CAD FOR 3 BAR IMEP TESTS AS IT MISFIRED AT -2.0 CAD

TEST MATRIX AND EXPERIMENTAL CONDITIONS
FUELS
ULSD, JP-8 (CN#44),
ULSD, JP-8 (CN#44), FF-T SPK, JP-8(CN#31)
T SPK, JP-8(CN#31)
INJECTION PRESSURE (in
800
800
Bars)
ENGINE SPEED (rpm)
1500
1500
LOAD

3 bar IMEP

5 bar IMEP
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SWIRL

3.77

3.77

EGR

0%

0%

START OF INJECTION

-2.0 CAD* bTDC

-2.5 CAD bTDC

INJECTION DURATION

0. 358 ms

0. 402 ms

INTAKE AIR PRESSURE

1.1 bar

1.1 bar

INTAKE AIR
TEMPERATURE
EXHAUST GAS PRESURE

300C-1100C

300C-1100C

1.1 bar

1.1 bar
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APPENDIX B
Table B.1 – Fuel properties
Property

ULSD

JP-8 (HCN)

F-T SPK

JP-8 (LCN)

Heptane

Flash point (0C)

74

56.8

37. 8

53

-4

836.5

770

736.2

768. 8

669

46

50

58

31

56

41. 2

42.1

44.1

44.0

44.6

Density (Kg/m3)
Derived Cetane
Number
(ASTM D6890)
Lower Heating
Value (MJ/Kg)

Figure B.1 – Distillation curves for different fuels
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APPENDIX C
Table C.1: List of reactions
Reaction #

Reaction

A

n

Ea (KJ/mol)

1

NC7H16+H=C7H15-2+H2

4.4E+07

2

19. 91584

2

NC7H16+OH=C7H15-2+H2O

4.5E+09

1. 3

4.56056

3

NC7H16+HO2=C7H15-2+H2O2

1. 7E+13

0

70. 9188

4

NC7H16+O2=C7H15-2+HO2

2E+15

0

198. 2379

5

C7H15-2+O2=C7H15O2

1. 6E+12

0

0

6

C7H15O2+O2=C7KET12+OH

1. 4E+14

0

76.28567

7

C7KET12=C5H11CO+CH2O+OH

3.5E+14

0

171. 9624

8

C5H11CO=C2H4+C3H7+CO

9. 8E+15

0

168. 1968

9

C7H15-2=C2H5+C2H4+C3H6

7E+14

0

144.7664

10

C3H7=C2H4+CH3

9. 6E+13

0

129. 4948

11

C3H7=C3H6+H

1. 3E+14

0

154.3896

12

C3H6+CH3=C3H5+CH4

9E+12

0

35.48032

13

C3H5+O2=C3H4+HO2

6E+11

0

41. 84

14

C3H4+OH=C2H3+CH2O

1E+12

0

0

15

C3H4+OH=C2H4+HCO

1E+12

0

0

16

CH3+HO2=CH3O+OH

5E+13

0

0

17

CH3+OH=CH2+H2O

7500000

2

20. 92

18

CH2+OH=CH2O+H

2.5E+13

0

0

19

CH2+O2=HCO+OH

4.3E+10

0

-2.092
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20

CH2+O2=CO2+H2

6.9E+11

0

2.092

21

CH2+O2=CO+H2O

2E+10

0

-4.184

22

CH2+O2=CH2O+O

5E+13

0

37. 656

23

CH2+O2=CO2+2H

1. 6E+12

0

4.184

24

CH2+O2=CO+OH+H

8. 6E+10

0

-2.092

25

CH3O+CO=CH3+CO2

1. 6E+14

0

49. 3712

26

CO+OH=CO2+H

9E+07

1. 38

21. 89436

27

O+OH=O2+H

4E+14

-0. 5

0

28

H+HO2=2OH

1. 7E+14

0

3.661

29

2OH=O+H2O

6E+08

1. 3

0

30

H+O2+M1=HO2+M1

3.6E+17

-0. 72

0

31

H2O2+M1=2OH+M1

4.3E+16

0

190. 372

32

H2+OH=H2O+H

1. 2E+09

1. 3

15.17118

33

2HO2=H2O2+O2

2E+12

0

0

34

CH2O+OH=HCO+H2O

5.6E+10

1.095

-0. 3201471

35

CH2O+HO2=HCO+H2O2

3E+12

0

33.472

36

HCO+O2=HO2+CO

3.3E+13

-0. 4

0

37

HCO+M=H+CO+M

1. 6E+18

0. 95

237. 2844

38

CH3+CH3O=CH4+CH2O

4.3E+14

0

0

39

C2H4+OH=CH2O+CH3

6E+13

0

4.01664

40

C2H4+OH=C2H3+H2O

8E+13

0

24.91572

41

C2H3+O2=CH2O+HCO

4E+12

0

-1.046

42

C2H3+HCO=C2H4+CO

6E+13

0

0
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43

C2H5+O2=C2H4+HO2

2E+10

0

-9. 2048

44

CH4+O2=CH3+HO2

7. 9E+13

0

234.304

45

OH+HO2=H2O+O2

7. 5E+12

0

0

46

CH3+O2=CH2O+OH

3.8E+11

0

37. 656

47

CH4+H=CH3+H2

6.6E+08

1. 6

45.35456

48

CH4+OH=CH3+H2O

1600000

2.1

10. 29264

49

CH4+O=CH3+OH

1E+09

1.5

35.99914

50

CH4+HO2=CH3+H2O2

9E+11

0

78. 2408

51

CH4+CH2=2CH3

4E+12

0

-2.38488

52

C3H6=C2H3+CH3

3.2E+15

0

357. 732

53

N+NO=N2+O

3.5E+13

0

1. 38072

54

N+O2=NO+O

2.7E+12

0

26.7776

55

N2O+O=2NO

2.9E+13

0

96.8596

56

N2O+OH=N2+HO2

2E+12

0

88. 11504

57

N2O+M2=N2+O+M2

6.2E+14

0

234.7224

58

HO2+NO=NO2+OH

2.1E+12

0

-2.00832

59

NO+O+M=NO2+M

1.1E+20

-1. 41

0

60

NO2+O=NO+O2

3.9E+12

0

-1.00416

61

NO2+H=NO+OH

1. 3E+14

0

1.50624
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ABSTRACT
EFFECT OF INTAKE TEMPERATURE AND BOOST PRESSURE ON THE AUTOIGNITION OF FUELS WITH DIFFERENT CETANE NUMBERS AND VOLATILITIES
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The aim of this research is to investigate the effect of air inlet temperature and boost
pressure on the auto-ignition of fuels that have different CNs and volatilities in a single cylinder
diesel engine. The inlet air temperature is varied over a range of 30 °C to 110°C at a constant
intake pressure of 1.1 bar. The boost pressure is varied from 1.1 bar to 1.5 bar at a constant
intake temperature of 60°C. All engine tests are run at steady-state conditions. The fuels used
are ultra-low-sulfur-diesel (ULSD), JP-8 (two blends with CN 50 & 31) and F-T SPK. Detailed
analysis is made of the rate of heat release during the ignition delay period, to determine the
effect of fuel volatility and CN on the auto-ignition process. A STAR-CD CFD model is applied
to track the effect of intake temperature and pressure on fuel evaporation, start of exothermic
reactions, formation of different species and their significance in the auto-ignition process.
CHEMKIN is used to study the chemical reactions under different equivalence ratio, pressure
and temperatures. Special attention has been given to LT (low-temperature) and NTC (negativetemperature coefficient) regimes during the ignition delay period. Effect of intake pressure and
temperature on these regimes has been studied in detail.
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